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Abstract 
More than a third of the world’s population is at risk of infection from various 
arboviruses transmitted by mosquitoes. One particularly destructive example of 
these is dengue virus (DENV), which is the causative agent of dengue 
haemorrhagic fever and is responsible for as many as 390 million infections 
annually across the tropical and sub-tropical regions of the world. 
Unfortunately, there has been limited effectiveness of vaccines against DENV 
to date and preventative efforts have focused largely on vector control through 
the use of pesticides. There exist several drawbacks to such strategies 
including possible off-target effects of pesticides as well as the potential for 
development of resistant insects. These challenges have necessitated novel 
approaches to restricting the prevalence of DENV such as the use of biocontrol 
agents. Recent research efforts in this field have successfully demonstrated 
that the endosymbiotic bacterium Wolbachia pipientis holds the potential to 
inhibit the ability of several viral pathogens to replicate in their insect hosts. 
Infecting up to two thirds of all insect species, this Gram-negative bacterium 
encompasses several distinct strains that produce a diverse array of impacts 
on their respective hosts physiology. In some cases, these effects are 
pathogenic, such as male killing, reduced lifespan, and reduced fecundity, and 
yet others are less so, such as increased resistance to particular pathogens 
and cytoplasmic incompatibility. When a non-native strain of Wolbachia 
(wMelPop-CLA) was introduced into the DENV vector Aedes aegypti, it had the 
impact of drastically restricting the ability of several viruses, including DENV, to 
successfully replicate and disseminate through the mosquito tissues. Despite 
this impactful discovery, very little is known about the physiological and 
molecular mechanisms that mediate this ability of Wolbachia to impinge DENV 
success in its host. One demonstrable effect of Wolbachia colonisation of its 
mosquito host is the marked induction of the key transcription factor GATA4. 
This versatile transcription factor has a wide array of tissue specific 
developmental functions in mammals including effects on ovary and teste 
development. This activity in ovarian development is at least partially conserved 
in Ae. aegypti as GATA4 has been shown to induce vitellogenesis in response 
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to blood meal and thus play a key role in embryo development. Our 
observations of GATA4s behaviour in response to Wolbachia led us to 
investigate potential genes under GATA4 regulatory control. We determine two 
genes, Blastoderm specific gene 25D (BSG25D) and Imaginal disc growth 
factor (disc) expressed in the ovaries, to be transcriptionally repressed in vitro 
by GATA4. When we reproduced this suppression of the disc gene in vivo it led 
to delayed emergence of eggs giving some insight into the effects Wolbachia 
may produce by suppressing this gene. 
 Despite this work and the work of others, the mechanism of GATA4 induction 
as well as several other transcriptional changes induced by Wolbachia is as of 
yet unknown. It is notable however, that the presence of Wolbachia alters the 
overall microRNA (miRNA) profile in its host Ae. aegypti. Spanning 19-24 
nucleotides in length, miRNAs are responsible for transcriptionally regulating a 
huge array of gene transcripts, commonly through interactions with mature 
mRNAs. The following work attempts to explore and characterise some of these 
interactions by examining the interplay between DENV, Ae. aegypti and 
Wolbachia at the transcriptional level. We shift our attention to the ovary specific 
miRNA aae-miR-309 which had previously been reported to be induced by 
Wolbachia and suppressed by West Nile virus. The involvement of aae-miR-
309 in both flavivirus infection and Wolbachia infection led us to hypothesise 
that it may play a role in Wolbachia-mediated DENV suppression. We show 
that aae-miR-309 is also suppressed by DENV. Despite this, it appears to have 
no impact on the ability of DENV to replicate. We showed that GATA4 
transcripts are co-localised in mosquito ovaries with miRNAs aae-miR-309 and 
aae-miR-989. We further demonstrate that GATA4 transcripts contain a target 
site for aae-miR-309 are positively regulated by it in vitro. In addition to this 
finding, we show some degree of GATA4 induction in mosquito ovaries by 
Wolbachia which also induces aae-miR-309. 
With the knowledge acquired from previous works which showed the ability of 
DENV to manipulate miRNA expression, we aimed to investigate the impact of 
DENV infection on the global variation in isomiR production of Ae. aegypti. We 
demonstrated that the presence of DENV alters the most commonly detectable 
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isomeric variant of several specific miRNAs in mosquitoes. We show that for 
some of the miRNAs whose isomiR profile is modified by DENV, their relative 
abundance in the nucleus and the cytoplasm is also affected by the virus. 
Together, these findings bolster the growing body of evidence that miRNAs play 
a key role in DENV infection of its mosquito host. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
Declaration by author 
This thesis is composed of my original work, and contains no material 
previously published or written by another person except where due reference 
has been made in the text. I have 
clearly stated the contribution by others to jointly-authored works that I have 
included in my thesis. I have clearly stated the contribution of others to my 
thesis as a whole, including statistical assistance, survey design, data analysis, 
significant technical procedures, professional editorial advice, and any other 
original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my research 
higher degree candidature and does not include a substantial part of work that 
has been submitted to qualify for the award of any other degree or diploma in 
any university or other tertiary institution. I have clearly stated which parts of 
my thesis, if any, have been submitted to qualify for another award. 
I acknowledge that an electronic copy of my thesis must be lodged with the 
University Library and, subject to the policy and procedures of The University 
of Queensland, the thesis be made available for research and study in 
accordance with the Copyright Act 1968 unless a period of embargo has been 
approved by the Dean of the Graduate School. 
I acknowledge that copyright of all material contained in my thesis resides with 
the copyright holder(s) of that material. Where appropriate I have obtained 
copyright permission from the copyright holder to reproduce material in this 
thesis. 
I acknowledge that copyright of all material contained in my thesis resides with 
the copyright holder(s) of that material. Where appropriate I have obtained 
copyright permission from the copyright holder to reproduce material in this 
thesis and have sought permission from co-authors for any jointly authored 
works included in the thesis. 
 
 
vi 
Publications included in thesis 
Osei-Amo, S, Hussein, M, Asad, S, Hugo, L and Asgari, S (2018) Wolbachia-
induced transcription factor GATA4 suppresses ovary-specific genes 
blastoderm-specific protein 25D and imaginal disc growth factor. Insect 
Molecular Biology 27: 295-304. 
Etebari, K, Osei-Amo, S, Blomberg, SP and Asgari, S (2015) Dengue virus 
infection alters post-transcriptional modification of microRNAs in the mosquito 
vector Aedes aegypti. Scientific Reports 5: 15968. 
Submitted manuscripts included in thesis 
Osei-Amo S, Asad S, Asgari S (2018) The role of microRNA miR-309 in 
regulation of GATA4 in Aedes aegypti, Under review in RNA Biology                                                                                                    
Other publications participated in during candidature 
Asad, S, Hussain, M, Hugo, L, Osei-Amo, S, Zhang, G, Watterson, D and 
Asgari, S (2018) Suppression of the pelo protein by Wolbachia and its effect on 
dengue virus in Aedes aegypti. PLoS Neglected Tropical Disease 12: 
e0006405.  
The 3rd International Conference of Insect Genomics (ICIG 2017) & the 6th 
International Symposium on Insect Physiology, Biochemistry and Molecular 
Biology (IPBMB 2017) 
Session IV: Insect-Pathogen Interaction, 20 minute branch session 
presentation given (July 2017) 
 
  
 
vii 
Contributions by others to the thesis 
No contributions by others. 
Statement of parts of the thesis submitted to qualify for the award of 
another degree 
No works submitted towards another degree have been included in this 
thesis. 
 
Research Involving Human or Animal Subjects  
 
No vertebrate or human subjects were involved in this research   
 
viii 
Australian and New Zealand Standard Research 
Classifications (ANZSRC) 
ANZSRC code: 060307, Host-Parasite interactions, 40% 
ANZSRC code: 060506, Virology, 30% 
ANZSRC code: 060199, Biochemistry and Cell Biology not elsewhere 
classified, 30%  
 
ix 
Fields of Research (FoR) Classification 
FoR code: 0605, Microbiology, 35% 
FoR code: 0601, Biochemistry and Cell Biology, 45% 
FoR code: 0699, Other Biological Sciences, 20% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
Acknowledgements 
I would like to sincerely thank my principal advisor Prof. Sassan Asgari. His 
expert knowledge and poignant guidance were an inspiration and a driving 
force which allowed me to complete my endeavours in research. Your patience 
and warmth toward me were an invaluable encouragement that I will always 
appreciate beyond words. 
A special thanks to my co-supervisors, especially Dr. Mazhar Hussein, whose 
vast knowledge and expertise shaped my skillset in molecular biology.  
A heartfelt thank you to my lab friends, Sultan Asad, Rhys Parry, Lachlan De 
Hayr, Hugo Perdomo, Hassan Afrad, Verna Monsanto Hearne, Dr. Guagmei 
Zhang, Dr. Jaime Mayoral, Dr. Kayvan Etebari and many others. Your 
friendship has meant so much to me throughout my journey.  
To Stacey Taurima, my athletics coach and close friend. Your continuous 
friendship and encouragement has been a bedrock of support on which I have 
leaned heavily, I can’t thank you enough. 
To my partner Rachael Melmeth, I could not have done this without you. You 
are a constant source of love and support to whom I cannot express enough 
gratitude. 
To my family members Dionigia Marangone, Rita Marangone, Nazzareno 
Marangone, Luke Marangone, Theodora Osei-Amo, Emanuel Osei-Amo and 
Yaw Osei-Amo, you are the inspiration and the motivation for every positivity in 
my life. Thank you for everything. 
To my mother, Josephine Osei-Amo, you are the person whom I revere most 
in this world. Your unyielding dedication to raising me and my siblings with 
every care and comfort, under the most trying of circumstances, is awe 
inspiring. You did it virtually alone. No written expression of gratitude could 
capture how thankful I am for your eternal support and belief in me. You are my 
hero.  
This thesis is dedicated to my mother. 
 
xi 
Financial support  
I would like to acknowledge the University of Queensland and the Australian 
Government for the APA scholarship I received. Without this financial support, 
this research would not have been possible. 
 
Keywords 
wolbachia, gata4, aedes aegypti, miRNA, isomer, bsg25d, disc, denv  
 
xii 
Table of Contents 
Abstract .......................................................................................................... ii 
Declaration by author .................................................................................... v 
Publications included in thesis ................................................................... vi 
Submitted manuscripts included in this thesis ............. Error! Bookmark not 
defined. 
Other publications participated in during candidature ............................. vi 
Australian and New Zealand Standard Research Classifications 
(ANZSRC) .................................................................................................... viii 
Fields of Research (FoR) Classification .................................................... iix 
Acknowledgements ....................................................................................... x 
List of tables and figures ........................................................................... xiv 
List of abbreviations ................................................................................. xviii 
Chapter 1 : Introduction and Literature Review ................................................ 1 
1. Aedes aegypti as a Vector ......................................................................... 2 
2. Flaviviruses ................................................................................................ 3 
3. Mosquito Defence Against Flaviviruses...................................................... 6 
4. microRNAs ................................................................................................ 8 
5. Biogenesis of miRNA ................................................................................. 9 
6. Mechanisms of Action of MicroRNAs ....................................................... 12 
7. MicroRNAs and Inter-Species Interactions ............................................... 13 
8. Wolbachia pipientis and Mosquitoes ........................................................ 15 
9. Research aims and hypotheses ............................................................... 18 
 
xiii 
10. References .............................................................................................. 19 
Chapter 2 : Wolbachia induced transcription factor GATA4 suppresses ovary 
specific genes Bsg25D and Disc ...................................................................... 30 
1. Abstract ................................................................................................... 32 
2. Introduction .............................................................................................. 32 
3. Results..................................................................................................... 35 
4. Discussion ............................................................................................... 45 
5. Experimental procedures ......................................................................... 48 
6. References .............................................................................................. 52 
7. Supplementary information ...................................................................... 56 
Chapter 3 : The role of microRNA miR-309 in regulation of GATA4 in Aedes 
aegypti ............................................................................................................... 60 
1. Abstract ................................................................................................... 62 
2. Introduction .............................................................................................. 62 
3. Results..................................................................................................... 64 
4. Discussion ............................................................................................... 72 
5. Experimental procedures ......................................................................... 76 
6. References .............................................................................................. 78 
Chapter 4 : Dengue virus infection alters post-transcriptional modification of 
microRNAs in the mosquito vector Aedes aegypti ......................................... 82 
1. Abstract ................................................................................................... 84 
2. Introduction .............................................................................................. 85 
3. Results and Discussion ............................................................................ 87 
4. Material and Methods ............................................................................ 105 
 
xiv 
5. References ............................................................................................ 110 
6. Supplementary information .................................................................... 115 
Chapter 5 : General Discussion and Concluding Remarks .......................... 121 
1. General Discussion ................................................................................ 122 
2. Upregulation of GATA4 transcripts suppresses ovary specific genes 
BSG25d and Disc .......................................................................................... 123 
3. MicroRNA aae-miR-309 has the potential to upregulate GATA4 in 
mosquitoes .................................................................................................... 125 
4. Dengue virus infection in adult mosquitoes alters their isomiR production 
profile ............................................................................................................ 128 
5. Concluding Remarks .............................................................................. 130 
 
List of tables and figures 
Chapter 1. 
Figure 1: Flavivirus life cycle. ............................................................................. 5 
Figure 2: miRNA canonical biogenesis pathway. ............................................ 11 
Chapter 2. 
Figure 1: Transcriptional changes of GATA4 in Ae. aegypti fat body and ovaries 
in response to blood feeding. ........................................................................... 36 
Figure 2: Silencing of GATA4 affects expression of Bsg25D and disc.. ......... 38 
Figure 3: Tissue expression of Bsg25D and disc. ........................................... 38 
Figure 4: Effect of Wolbachia on expression of GATA4, Bsg25D and disc in Ae. 
aegypti ovaries. ................................................................................................. 40 
 
xv 
Figure 5: Effect of overexpression of GATA4 on Bsg25D and Disc expression.
 ........................................................................................................................... 41 
Figure 6: GATA4 silencing does not affect Wolbachia density. ...................... 42 
Figure 7: Silencing of the Disc gene in mosquitoes…………………………….44 
Figure S1……………………………………………………………………………56 
Figure S2……………………………………………………………………………57 
Figure S3……………………………………………………………………………57 
Figure S4……………………………………………………………………………58 
 
Table 1: A shortlist of genes with potential GATA4 binding sites in their 5’ and 
3’ flanking regions. ............................................................................................ 59 
Table 2: Primer sequences used in this study. ................................................ 59 
Chapter 3. 
Figure 1: Ago1 knock-down suppresses GATA4 expression.......................... 64 
Figure 2: Tissue tropisms of aae-miR-309a-3p and aae-miR-989.................. 65 
Figure 3: The effect of aae-miR-989 and aae-miR-309a-3p on GATA4. ........ 66 
Figure 4: Silencing Homeobox SIX4 has no effect on GATA4. Using dsRNA 
specific to SIX4, we knocked down its transcriptional levels. ......................... 67 
Figure 5: aae-miR-309 interacts directly with the GATA4 open reading frame..
 ........................................................................................................................... 69 
Figure 6: DENV suppresses aae-miR-309a-3p, but not aae-miR-989 in 
mosquitoes. Total RNA was extracted from mosquitoes injected with either 
DENV or PBS at four days post-emergence. .................................................. 70 
 
xvi 
Figure 7: GATA4 is suppressed by DENV and its knockdown aids DENV 
replication, but aae-miR-309a-3p has little effect. ........................................... 72 
Fig. S 1: RNAhybrid predicted binding sites in GATA4 mRNA for aae-miR-309a-
3p. ...................................................................................................................... 81 
 
 
Chapter 4. 
Figure 1: The canonical miRNA frequency modification in response to DENV 
infection for specific miRNAs. ........................................................................... 89 
Figure 2: DENV infection altered the frequencies of 3’ end modified isomiRs in 
some miRNAs. .................................................................................................. 91 
Figure 3:DENV infection modified the frequencies of 3’ nucleotides addition 
isomiRs in some miRNAs. ................................................................................ 92 
Figure 4:The change in the prevalence of 3’ trimmed isomiRs in response to 
DENV for specific miRNAs. .............................................................................. 93 
Figure 5: The change in the frequency of 5’ Trimmed and nucleotide 
substitutions isomiRs in response to DENV for specific miRNAs. .................. 94 
Figure 6: Ratio of 5p to 3p read counts in specific miRNAs. ........................... 96 
Figure 7: Less than half of Ae. aegypti canonical mature miRNAs were 
dominant isomiRs. ............................................................................................ 97 
Figure 8 impact of pre-miRNA structure on isomiR production power. .......... 99 
Figure 9: A Comparison of in silico target identification for different isomiRs of 
particular miRNAs. .......................................................................................... 102 
Figure 10: Comparison of miRNA abundance in nucleus and cytoplasm in 
response to DENV. ......................................................................................... 104 
 
xvii 
Table 1: The isomiR types and their description. .......................................... 115 
Figure. S1. Different isomiR prevalence across DENV infected and non 
infected.  …………………………………………………………………………..116 
Figure. S2. Venn diagram represent overlapped miRNAs with significant altered 
3’ isomiRs due to DENV infection. ................................................................. 117 
Figure. S3. Schematic representation of two examples of arm-switching event..
 ......................................................................................................................... 118 
Figure. S4. Changes in the number of unique reads produced by miR-210 in 
infected and control groups. ........................................................................... 119 
Figure. S5. The linear relationship between miRNA expression and isomiR 
production.. ..................................................................................................... 120 
 
 
 
 
 
 
 
 
 
 
 
 
 
xviii 
List of abbreviations 
Ago      Argonaute 
Bsg25D    Blastoderm specific gene 25D 
DENV     Dengue virus 
Disc     Imaginal disc growth factor 
DNA      Deoxy-ribonucleic acid 
dsRNA    Double stranded RNA 
dNTP      Deoxynucleoside triphosphate 
HSP      Heat shock protein   
Imd      Immune deficiency 
JAK-STAT  Janus kinase signal transducer and 
activator of transcriptional 
JEV     Japanese encephalitis virus 
isomiR    Isomer of microRNA 
kDa      Kilo Dalton 
miRNA     microRNA 
NS     Non-structural 
ORF      Open reading frame 
Pol     Polymerase 
pre-miRNA    Precursor miRNA 
pri-miRNA    Primary miRNA 
PrM     Pre-membrane 
PCR      Polymerase chain reaction 
qPCR     Quantitative polymerase chain reaction 
RISC      RNA-induced silencing complex 
RNA     Ribonucleic acid 
RNAi      RNA interference 
sfRNA     Subgenomic flavivirus RNA 
siRNA     Small interfering RNA 
Tet      Tetracycline 
UTR      Untranslated region 
WNV      West Nile virus 
Wsp      Wolbachia surface protein 
YFV     Yellow fever virus 
ZIKV      Zika virus 
 
1 
 
 
 
 
 
 
 
 
 
 
Chapter 1 : Introduction and Literature Review 
 
 
 
 
 
 
 
 
 
 
 
2 
Chapter 1: Introduction and Literature Review 
1.  Aedes aegypti as a Vector 
Originating from sub-Saharan Africa, Aedes aegypti formosus constitutes one 
of the two major recognised sub-species of Ae. aegypti and primarily occupies 
tree holes for breeding (Lounibos 1981). This mosquito colonises forests and 
feeds on wild animals. It is however almost certainly the ancestral progenitor of 
the second major subspecies, the human adapted and globally distributed 
Aedes aegypti aegypti (Kraemer et al., 2015; Mattingly 1967; Mattingly and 
Brucechwatt 1954). The ever-expanding encroachment of human beings into 
mosquito habitats has undoubtedly contributed to an environment conducive to 
Ae. aegypti becoming domesticated. The appearance of artificial containers 
used to store water, serve as substitutes for tree holes and provide them with 
ample breeding grounds all year long, even during prolonged dry seasons. The 
most available and proximal food source to these new breeding grounds would 
have been humans. There is also however, some evidence to suggest that 
human blood is uniquely suited to the energy requirements of Ae. aegypti 
species as a result of its relatively low concentrations of free isoleucine 
(Harrington et al., 2001). Perhaps this property within human blood has 
precipitated a selective advantage for mosquitoes with a tendency to feed 
frequently on humans and live in close association with them. Another quality 
possessed by Ae. aegypti is the relatively fast rate at which replicating viruses 
can disseminate through its tissues and reach its salivary glands making the 
mosquito infectious to its hosts (Powell 2018; Ritchie 2014). Whatever the 
contributing factors may be, adaptation to human dwellings and feeding on 
human hosts has endowed Ae. aegypti with a remarkable capacity to vector 
human diseases, something that has proved to be a catastrophic risk factor for 
as many as two-thirds of the human population living in tropical and sub-tropical 
regions where Ae. aegypti is now endemic. As Ae. aegypti has adapted to 
humans as hosts (Harrington et al., 2001), so too have many of the viruses it 
vectors. Among these are dengue, Chikungunya, yellow fever and Zika viruses 
(Guo et al., 2013b; Johnson et al., 2002; Li et al., 2017; Vega-Rua et al., 2014). 
Of particular note is the alarmingly high global prevalence of the flavivirus 
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dengue virus (DENV), which is responsible for the deaths of up to 20,000 
people each year (Fredericks and Fernandez-Sesma 2014).  
 
2.  Flaviviruses 
There are at least 70 distinct RNA viruses, that belong to the family Flaviviridae. 
Borne by arthropods and causing disease in humans, the most important of 
these pathogens are DENV, West Nile virus (WNV), Japanese encephalitis 
virus (JEV), yellow fever virus (YFV) and Zika virus (ZIKV) (Gould et al., 2017; 
Medigeshi 2011). 
By far, the most common mode of infection in humans occurs through the bite 
of a blood feeding mosquito or tick (Diosa-Toro et al., 2013). The disease 
symptoms of these pathogens can be severe, including encephalitis and 
haemorrhagic fever (Chang et al., 2001). Fortunately, working vaccines have 
been developed for both YFV and JEV (Galbraith and Barrett 2009; Halstead 
and Thomas 2010) and are currently being widely implemented to control the 
spread of these diseases. Recent outbreaks of ZIKV, which has been 
demonstrated to cause microcephaly in infants born to infected mothers, have 
fast tracked efforts to develop effective vaccines to prevent its spread (Sen 
Kwek et al., 2018; Tripp and Ross 2016). Unlike the case of YFV and JEV, there 
exists no commercially implemented vaccine for WNV. Vectored by a large 
range of mosquito species especially of the Culex genus, the primary hosts of 
WNV are birds. Despite this, WNV can infect humans and is a major global 
cause of viral encephalitis causing an estimated 3 million infections in the U.S. 
alone since 1999 (Carson et al., 2012). Perhaps more significant still is DENV, 
endemic to over 110 countries, DENV can cause virus-induced viscerotropic 
disease and may account for as many as 390 million infections annually making 
it the most abundant and widespread arbovirus in the world (Bhatt et al., 2013). 
Much like WNV, there have been significant obstacles to the successful 
development of a vaccine for DENV. There exist four sero-types of DENV and 
infection with more than one serotype in succession can invoke more severe 
symptoms than a single infection (Bharaj et al., 2008; Halstead 1988). This 
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phenomenon, termed antibody-dependant enhancement (ADE) of infection, is 
also a concern across flaviviruses. With the high degree of similarity between 
WNV, DENV and ZIKA, developing vaccines for these viruses that do not pose 
the risk of exacerbating ADE has proved exceptionally difficult (Bardina et al., 
2017; Lai et al., 2018). Despite this, one DENV vaccine has been approved for 
use in 19 countries by regulatory authorities (Capeding et al., 2014; Villar et al., 
2015). It is apparent however, that the vaccine has had mixed results regarding 
efficacy and decreasing hospitalisations. For individuals who were 
seronegative when vaccinated, ADE appears to be a potential outcome (Aguiar 
et al., 2016). 
When a mosquito vectoring a flavivirus penetrates the dermis during blood 
feeding, it introduces the viral particles to the host. The virus can then attach 
itself to host cell receptors where it will subsequently be endocytosed by the 
cell and transported to the endosomes (Stiasny et al., 2011) (Fig. 1). The viral 
nucleocapsid is released into the cytoplasm following the fusion of the viral and 
cellular membranes in the endosomes which is initiated by viral glycoprotein 
(E) (Smit et al., 2011). Once in the cytoplasm, the nucleocapsid is uncoated 
and the RNA can be translated into a polyprotein. Host and viral proteases then 
process the polyprotein into the structural proteins C, prM and E, which 
constitute the viral structural proteins (Lindenbach et al., 2007). Another seven 
proteins are produced after processing that are non-structural; these are NS1, 
NS5, 2A, 2B, 3, 4B and 4A (Urcuqui-Inchima et al., 2010). These NS proteins 
will form the viral RNA replication complex whilst the prM and E proteins are 
transported across the endoplasmic reticulum as hetero-dimers to be 
incorporated into its lumen (Mackenzie et al., 1999).  
NS5 is the RNA dependant RNA polymerase which is responsible for 
transcribing the complementary positive-sense strand using the genomic 
negative-sense strand of the virus as a template (Davidson 2009). This process 
is regulated by the 5’-3’ cyclization sequences and 5’-3’ upstream of AUG 
region which also facilitate the circularisation of the viral genome (Villordo and 
Gamarnik 2009). A 300 to 500bp degradation product of the viral genome is 
generated from the 3’ untranslated region. Whilst these degradation products, 
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termed subgenomic flavivirus (sfRNA), are not essential for viral replication and 
proliferation, they do constitute a crucial factor in pathogenicity of the virus 
(Pijlman et al., 2008). A new nucleocapsid is then formed as several capsid 
proteins (C) interact with the positive-sense viral RNA strand (Ivanyi-Nagy and 
Darlix 2010). The lipid bilayer of the virus is acquired once the newly formed 
nucleocapsid buds off into the endoplasmic reticulum where the prM and E 
proteins had earlier migrated. The virus can then be transported out of the cell 
utilising its lipid bilayer as a mechanisms to prevent fusion on its exit journey 
(Perera et al., 2008). An M protein is generated from the prM protein via furin-
mediated cleavage upon the viruses’ secretion from the cell, which occurs in 
the trans-Golgi network. The now mature virion is capable of infecting other 
cells that possess the correct receptors (Fernandez-Garcia et al., 2009). 
The approximate length of the RNA genome of a flavivirus is 11 kb and contains 
highly structured untranslated regions at both the 5‘ and 3‘ flanks of its singular 
coding region (Markoff 2003). With encompassed C proteins and a host-
acquired lipid membrane forming a sphere, the viral particles are roughly 45 nm 
in diameter (Westaway et al., 1985). Flaviviruses also possess two 
transmembrane proteins, one glycoprotein (E) and one membrane protein (M) 
(Diosa-Toro et al., 2013). 
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Figure 1: Flavivirus life cycle. The above diagram depicts the binding of the 
viral particle to the receptor (1). Following endocytosis (2) and viral membrane 
fusion (3), the viral RNA is released into the cytoplasm (4). The virus genome 
is then translated and replicated (5) before budding from the ER (6), being 
transported through the Golgi network (7) and exocytosed (8). Figure sourced 
from (Diosa-Toro et al., 2013).  
 
3.  Mosquito Defence Against Flaviviruses 
Despite dissemination and proliferation of flaviviruses through several mosquito 
tissues during infection, very little pathology can be observed in the mosquito 
vector (Lambrechts et al., 2009). This is in stark contrast to the sometimes-fatal 
pathology which is observed in humans and it serves as evidence to suggest 
adaptations on the part of both the mosquito host and the virus to facilitate 
replication of the virus whilst maximising the hosts ability for transmission. 
Unlike mammals, arthropods possess little to no adaptive immunity against 
viral, bacterial and fungal pathogens (Baxter et al., 2017). They do however 
possess an innate immune system which is predominantly comprised of three 
well described pathways including the Toll, JAK/STAT and IMD signal 
transduction cascades (Ramirez and Dimopoulos 2010; Souza-Neto et al., 
2009; Waterhouse et al., 2007). These pathways are activated by host 
recognition of pathogen-derived molecular motifs and result in the secretion of 
lysozymes, and antimicrobial peptides as well as the induction of autophagy 
and apoptosis (Buchon et al., 2014). 
RNA interference (RNAi) may be an important evolutionary immune response 
to viral infection by mosquitoes (Blair 2011). Double stranded RNA molecules 
serve as the trigger for induction of the RNAi response in insects and often 
these come in the form of viral genomes. The presence of dsRNA is recognised 
by Dicer-2 (DCR2) which cleaves it into short 21 nucleotide fragments. With the 
help of an Argonaut protein (Ago2) as well as R2D2 and loquacious, these small 
fragments are then loaded into the RNA induced silencing complex (RISC) 
(Okamura et al., 2004; Tijsterman and Plasterk 2004). RISC subsequently co-
opts one of the RNA strands, which is 2′-O-methylated on its 3′-terminal 
nucleotide by methyltransferase (Hen1), as a guide, whilst the other is expelled 
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from the complex and degraded by C3PO (Bernstein et al., 2001; Horwich et 
al., 2007; Liu et al., 2009). The guide strand serves to complete a mature RISC 
and binds with complete complementarity to other RNA molecules, causing 
them to be degraded by Ago2. It has been demonstrated in Drosophila that both 
WNV and DENV can elicit a group of virus-specific functional short interfering 
RNAs (siRNAs) that can induce a protective RNAi response (Chotkowski et al., 
2008). It has also been suggested that viral RNA which elicits RNAi response 
may disseminate to uninfected tissues, conferring a type of systemic adaptive 
immunity (Saleh et al., 2009). Recent reports in Drosophila and mosquitoes 
have demonstrated a type of insect adaptive antiviral immunity that is facilitated 
by the production of circular and linear viral DNA molecules (vDNA and cvDNA). 
These vDNAs and cvDNAs are reverse transcribed from defective RNA virus 
genomes and amplify RNAi based defence against viral infection (Poirier et al., 
2018). Perhaps more exciting still, are examples of protective immunity against 
flavivirus infection of mosquitoes conferred by exposure to an attenuated virus. 
This recently reported phenomenon (Serrato-Salas et al., 2018b), involves 
increases in de novo DNA synthesis in the midguts of Aedes mosquitoes 
challenged with inactive DENV-2 particles as well as increased activation of the 
hindsight and Delta-Notch orthologues. These pathways confer a defence 
against biotic challenges to mosquitoes by allowing them to rapidly renew 
tissue in the midgut and thus limit pathogen proliferation (Serrato-Salas et al., 
2018a). Insects previously exposed to inactive virus particles seemingly 
mounted a higher anti-viral response and subsequently the level of DENV 
infection was greatly reduced compared to naive mosquitoes. 
Despite these defence mechanisms of Ae. aegypti, however, it appears that 
flaviviruses retain the ability to overcome the mosquitoes’ immune response as 
persistent viral infection (Brackney et al., 2010). Viruses in fact have several 
mechanisms by which they can evade the RNAi response mounted against 
them. These fall into four main categories which include; the competitive 
binding of siRNAs, the protective binding of long dsRNA to prevent its 
recognition by DCR2, inhibition of cleavage proteins DCR2 and AGO2, and the 
degradation of siRNAs. One mechanism employed by flaviviruses to neutralise 
cellular RNAi responses is the production of sfRNA, mentioned in the section 
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above. These subgenomic RNAs work at the siRNA and microRNA (miRNA_ 
induced facets of the RNAi response) levels (Schnettler et al., 2012) and act to 
bind these small RNAs preventing their loading into the RISC.  Unsurprisingly, 
it has been demonstrated that impairing the RNAi response of mosquitoes 
enhances the replication of viruses (Sanchez-Vargas et al., 2009). Other facets 
of the RNAi response include miRNAs and piwi-interacting RNAs (piRNAs), the 
former plays a large role in mosquito biology and development and will be 
discussed in depth later in this review. The combination of these findings 
suggests that mosquitoes regulate the replication of viruses enough to prevent 
pathology whilst simultaneously allowing for transmission to mammalian hosts.  
 
4.  microRNAs 
Since their discovery in 1993 (Lee et al., 1993a), miRNAs have been credited 
with an ever-expanding range of roles in regulating expression of genes. 
Seemingly specific to eukaryotes, their initial discovery in round worms 
illustrated the role of miRNAs in post-transcriptional control over genes 
responsible for developmental timing (Wightman et al., 1993). Since then, 
miRNAs have been implicated in many more biological processes and it is 
thought that they may even play a role in cell networking (Berretta and Morillon 
2009). 
These 20 - 24 nucleotide-long non-coding RNAs have been demonstrated to 
be encoded by a diverse range of organisms including plants, humans and even 
viruses (Almeida et al., 2011).  In addition to this, comparative studies 
suggested that miRNAs show a high degree of sequence conservation among 
species (Bartel and Chen 2004). This coupled with the knowledge that 
components of the miRNA biogenesis complex are found in Archaea and 
Eubacteria presents a strong argument for an ancient ancestry of miRNA (Pillai 
2005; Pillai et al., 2007a). 
As the number of predicted miRNA targets continues to grow (currently 
numbering in the thousands), it is becoming increasingly apparent that these 
small RNAs constitute an integral part of the regulatory machinery within cells 
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(Bartel 2004). One such example of this regulation concerns human cancers, 
where miRNA profiles of a cell are altered in the events of different tumours (Lu 
et al., 2005). miRNAs can also play a part in interactions between organisms, 
with some endosymbiotic bacteria causing a change in host miRNA profile upon 
infection (Hussain et al., 2011). A similar scenario was described in the case of 
Helicobacter pylori. It is known that infection with H. pylori induces the 
expression of miR-155 and down-regulates miR-218 (Fehri et al., 2010). This 
overall manipulation of host miRNAs results in an alteration to metabolic 
pathways within the cell. Ultimately, this leads to an increase in gastric tumors 
(Fehri et al., 2010). 
Despite these well-demonstrated examples, there still exist large gaps in the 
current state of knowledge regarding the exact role of miRNAs in host-
microorganism interactions. Most notably, there are several organisms whose 
miRNA profiles are altered in response to viruses and other parasites and yet 
targets of large numbers of these differentially expressed miRNAs have not 
been characterized. 
 
5.  Biogenesis of miRNA 
Understanding the miRNA biogenesis pathway is important in order to define 
and differentiate them from other types of small RNAs (e.g. siRNAs) (Ambros 
et al., 2003). Initially, the primary miRNA transcript (pri-miRNA), which contains 
one or several stem-loop structures, is transcribed in the nucleus by RNA 
polymerase II and sometimes RNA polymerase III (Lee et al., 2004) (Fig. 2). 
These enzymes also serve the function of polyadenylating and capping the pri-
miRNAs (Zhang et al., 2012). miRNA expression can either be controlled by 
transcription factors or methylation of their promoter sequences (Winter et al., 
2009b). In order to produce the mature miRNA, the stem-loop(s) in the pri-
miRNA must be cleaved. The endonucleatic activity that achieves this is a 
product of the combined function of the RNase III enzyme Drosha and its 
partner Pasha (homolog of DiGeorge critical region 8 in mammals) (Lee et al., 
2003). Containing two dsRNA binding domains, Pasha is imperative in stably 
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binding the double-stranded stem and unpaired flanking regions of the pri-
miRNA (Landthaler et al., 2004). Furthermore, Pasha functions as a means of 
determining the direct site of Drosha cleavage (Han et al. 2004). The pri-miRNA 
cleavage by Drosha occurs at both the 5’ and 3’ end regions of the hairpin 
structure, approximately 11 base pairs away from the hairpin base (Han et al., 
2004). This leads to the production of a ~70-nucleotide stem-loop hairpin 
structure, known as precursor miRNA (pre-miRNA). Exportin-5 in conjunction 
with RanGTP is responsible for exporting the pre-miRNA from the nucleus into 
the cytoplasm (Ying and Lin 2004).  Once in the cytoplasm, further processing 
of the pre-miRNA is mediated by Dicer-1, which is another RNA III type enzyme. 
At this point, the pre-miRNA hairpin loop structure is cleaved into the miRNA 
duplex by Dicer-1. One of the strands is degraded and the other (mature 
miRNA) initiates the formation of RISC  (Winter et al., 2009b). The main 
components of RISC are Ago proteins (Peters and Meister 2007). The 
determination of which strand will be degraded and which strand will be 
incorporated into RISC relies on the stability of the base pairs at the ends of the 
strands (Khvorova et al., 2003). The less stable strand escapes degradation. 
Subsequently, the RISC-miRNA complex is guided to the target mRNA by the 
mature miRNA (Winter et al., 2009b).  
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Figure 2. miRNA canonical biogenesis pathway. The schematic diagram 
depicts the synthesis of the pri-miRNA transcript by RNA Pol II/III and 
subsequently its cleavage by the Drosha/Pasha complex to form the hairpin-
loop structure, pre-miRNA. Exportin-5 then exports the pre-miRNA into the 
cytoplasm where it is cleaved to its miRNA-miRNA* duplex by Dicer-1. One 
strand of the miRNA duplex then guides the RNA induced silencing complex 
(RISC) to its target in conjunction with Argonaut 2 whilst the other strand is 
degraded. The mature miRNA can then modulate gene expression in three 
different ways (Translational repression, mRNA degradation, and mRNA 
upregulation). The figure was adopted from (Asgari 2013). 
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6.  Mechanisms of Action of MicroRNAs 
There are multiple different modes of miRNA action that have currently been 
described (Pillai et al., 2007a). Most of these mechanisms rely on the 
interaction of miRNAs with their target mRNAs although miRNAs also interact 
with genomic DNA or nascent RNAs. Binding of a miRNA to its target mRNA 
may lead to repression of translation, degradation of target transcripts or even 
up-regulation of transcript levels (Hussain et al., 2011). Binding can occur 
between the target mRNA and the miRNA if they possess sufficient sites of 
direct complementarity, especially in the seed region (nucleotides 2-8 from the 
5’ end) (Lewis et al., 2003). If the complementarity between the miRNA and the 
mRNA is extensive, then it is likely that the mRNA transcripts will be degraded 
by the endonuclease activity of RISC and thus expression of the target will be 
down-regulated (Jackson and Standart 2007). However, current literature 
suggest that a far more common scenario involves binding between miRNA 
and mRNA which contains substantial areas of mismatch “bulging”, most 
notably in the central region and 3’ region of the miRNA (Pillai et al., 2007a). 
This imperfect dsRNA complex leads to reduced efficiency of translation of the 
mRNA transcript which in turn causes down-regulation of the target protein 
(Jackson and Standart 2007).  
There are also well-illustrated examples of miRNA up-regulating the expression 
of target genes. For example, Hussain et al. demonstrated that in the case of 
Ae. aegypti, aae-miR-2940 positively regulates a metalloprotease gene 
transcript levels most likely by stabilizing the mRNA (Hussain et al., 2011). In 
Chapter 3, we discuss our own observation of another Ae. aegypti miRNA 
positively regulating its target. 
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7.  MicroRNAs and Inter-Species Interactions 
The predominant known function of miRNAs is to regulate the expression of 
genes; it is through this regulative control that miRNAs are increasingly being 
implicated in the interactions of pathogens and their hosts. In the case of virally 
encoded miRNAs, these regulatory factors have the potential to target genes 
not only in the viral genomes which encode them, but in the host cells that 
facilitate their replication (Asgari and Sullivan 2010). Important functions of viral 
miRNAs which target host genes include promoting cell survival through 
downregulation of apoptotic factors thus promoting cell survival and 
proliferation, as well as modulating the immune response of the host cell (Cullen 
2009). It is becoming increasingly clear that one mechanism viruses have 
evolved to facilitate regulatory control over their hosts is by generating 
transcripts that emulate cellular miRNAs. Kaposi’s sarcoma-associated herpes 
virus (KSHV) transcribes miR-K12-11; this miRNA appears to be an orthologue 
of human miR-155 having almost complete seed region homology (Skalsky et 
al., 2007). It can be inferred therefore that it should be able to target all of the 
genes, which are regulated by human miRNA miR-155, although it is as of yet 
unclear as to how this may benefit the virus. 
Plants too have the ability to impact other organisms through the transfer of 
miRNAs. Once ingested, plant miRNAs can persist in the sera and tissues of 
animals including humans. It has in fact been demonstrated that miR168a, a 
plant miRNA, has the ability to target and regulate the low-density lipoprotein 
receptor adaptor protein 1 (LDLRAP1) (Zhang et al., 2012). This gene serves 
its function in the human liver and facilitates the uptake of LDL from the blood. 
The complex nature of this form of miRNA communication between cells is as 
of yet not understood completely. How the exogenously delivered miRNAs 
survive the unfavourable conditions of the gastro-intestinal tract and are 
delivered to their target cells remains unknown.  Whilst this is a severe deficit 
in the current knowledge, so too is the evolutionary purpose that these miRNAs 
serve.  
miRNAs are also significantly implicated in host responses to bacterial infection 
as well as accommodating commensal bacteria (Staedel and Darfeuille 2013). 
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With regard to plants, Arabidopsis thaliana can mitigate infection by 
Pseudomonas syringae through the upregulation of the plant defence pathways 
via miR-393a. This miRNA is induced in response to a bacterial peptide sensed 
by receptors in the plant (Navarro et al., 2006). Humans have also evolved to 
mediate bacterial infection through the differential expression of miRNAs. A 
large volume of evidence has demonstrated the involvement of miR-146 and 
miR-155 in upregulating immune function in response to various bacterial 
infections including H. pylori (Matsushima et al., 2011) and Salmonella enterica 
(Schulte et al., 2011). The role of miRNAs in bacterial infection is not always 
beneficial for the host, H. pylori is known to actively downregulate an embryonic 
miRNA cluster in humans containing miR-371-5p, miR-371-3p, miR-372 and 
miR-373. This inhibition of miRNAs results in the impairment of cell cycle 
progression as well as retarding apoptosis, which ultimately favours bacterial 
colonisation  (Mimuro et al., 2007; Staedel and Darfeuille 2013). 
Another miRNA facilitated host-pathogen interaction of interest is that between 
the protozoan parasite Plasmodium falciparum and humans. Those who carry 
the sickle cell variant of a haemoglobin allele exhibit resistance to P. falciparum, 
whilst the entirety of this resistance is not understood, miRNAs have been 
revealed to be contributors. The erythrocytes of sickle cell allele carriers exhibit 
highly enriched levels of miR-451 and let-7i. These particular miRNAs were 
observed to be translocated to P. falciparum and inhibit the growth of the 
protozoan parasite (LaMonte et al., 2012). They carry out this function through 
blocking the translation of genes vital to the parasite (LaMonte et al., 2012).  
Differences in the temporal and spatial presence of these human miRNAs in P. 
falciparum indicate that the process of translocation may be an active one. 
The global picture of gene regulation through miRNAs is further complicated by 
the fact that miRNAs are often heterogenous in length and or sequence. This 
heterogeneity arises from the production of variants of miRNAs termed 
isomiRs. IsomiRs can exist in a range of distinct classes, encompassing 3’ and 
5’ multi nucleotide extensions (MNEs), as well as 3’ and 5’ single nucleotide 
extensions (SNEs) (Cloonan et al., 2011b; Neilsen et al., 2012). There are also 
examples of trimming events at either end of the miRNA as well as several 
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variations of nucleotide additions. It is currently contentiously debated as to the 
degree to which isomiRs are a biologically relevant phenomenon and how 
much their detection is subject to artefact in sequencing methodologies used. 
There are however, several reports of the predominant isomiR of a particular 
miRNA being changed in response to a biological stimulus. We aimed to 
investigate whether the isomiR profile of Ae. aegypti might be modulated by the 
infection of DENV. In Chapter 4, we conduct an analysis on the impact DENV 
has on isomiR production in infected mosquitoes. We demonstrate that specific 
miRNAs are modulated in their most abundant isomiRs in the presence of 
DENV and that this effect is biased towards particular classes of miRNA. 
Additionally, we demonstrate that for some of these miRNAs whose 
predominant isomiR is changed, their relative abundance in the cytoplasm is 
also affected by DENV infection. 
 
8.  Wolbachia pipientis and Mosquitoes 
Challenges to the development of vaccines for flaviviruses, such as those 
mentioned in previous sections, have necessitated vector control strategies as 
the primary endeavours to limit the clinical impact of arboviruses. Globally, 
these have largely relied on the use of pesticides which carry limitations such 
as undesirable off-target effects as well as development of resistance in insects 
(Benelli 2015). With the limitations of conventional pesticides remaining 
unaddressed, the use of biological control agents has begun gaining traction 
as a potential solution. One such bio-control agent has shown more promise 
than perhaps any other, that is the use of Wolbachia pipientis. This 
endosymbiotic bacterium is estimated to have infected as many as two thirds 
of all insect species globally (Hilgenboecker et al., 2008). Wolbachia is most 
commonly associated with manipulating host reproductive strategies through 
means such as feminization and male killing (Hilgenboecker et al., 2008); 
although some strains of the Gram-negative bacterium have been known to 
have mutualistic interactions with their hosts (Alexandrov et al., 2007). In 2008, 
the wMelPop-CLA strain of Wolbachia was introduced into Ae. aegypti 
(McMeniman et al., 2009). This had the effect of reducing the adult female’s 
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lifespan by as much as 50% (McMeniman et al., 2009). Despite these 
significant effects, relatively little is known about the molecular mechanisms 
that mediate the changes made to the host biology upon infection with 
Wolbachia. In addition to the life-shortening effect, Wolbachia infection of Ae. 
aegypti was shown to inhibit replication of several pathogens, including DENV 
(Bian et al., 2010; Moreira et al., 2009). Whilst several contributing factors have 
indeed been described (Asad et al., 2016; Lu et al., 2005; Rances et al., 2012; 
Zhang et al., 2013b), the complete mechanism of pathogen inhibition is not 
understood. Trials aimed at establishing Wolbachia infected populations of Ae. 
aegypti in dengue endemic regions have already been carried out with some 
success (Frentiu et al., 2014; Hoffmann et al., 2011). Despite this early promise, 
there are yet challenges to be overcome. Wolbachia infected populations of 
mosquitoes appear to suffer some fitness cost and Wolbachia’s impact on 
mosquito fecundity may be a contributing factor (Caragata et al., 2014).  
Wolbachia colonisation of Ae. aegypti sparks a range of transcriptional changes 
that drastically impact its hosts biology (Frentiu et al., 2014; Hoffmann et al., 
2011). One such transcriptional modification is the significant induction of the 
transcription factor GATA4 (Hussain et al., 2013). GATA transcription factors 
have been known for decades to play pivotal roles in both early vertebrate and 
invertebrate development in a highly tissue specific manner (Attardo et al., 
2003; Bodmer and Venkatesh 1998; Gillio-Meina et al., 2003; Merika and Orkin 
1993). There are two clades of GATA factors described in mammals which 
comprise GATAs 1,2,3 and GATAs 4,5, and 6. It is interesting to note that they 
have been demonstrated to have distinct, yet overlapping and complementary 
roles (Evans 1997; Molkentin 2000). They have also been shown to contribute 
to the development and differentiation of multiple tissues including heart and 
gonads. It was not until 2006 however, that an invertebrate homolog, now 
recognised as GATA4, that plays a crucial role in Ae. aegypti embryogenesis, 
was fully elucidated. Synthesised in high levels in the fat body following blood 
feeding, GATA4 is shuttled to the ovaries where it induces vitellogenin 
production and serves as the primary trigger for vitellogenesis (Park et al., 
2006). This role in Ae. aegypti reproduction serves to deepen the curiosity, that 
is GATA4’s sharp induction by Wolbachia. In Chapter 1, we aim to determine 
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the consequences of GATA4 induction by Wolbachia on the mosquitoes’ 
reproduction. We attempt to shed light on genes which may be targeted by this 
versatile transcription factor in the ovaries. We present new findings, that 
GATA4 is expressed more abundantly in ovaries than fat bodies, and that its 
upregulation can suppress the ovary-specific genes BSG25d and Disc. The 
suppression of Disc in female mosquitoes can also lead to delayed hatching of 
their eggs, a phenotype which mirrors Wolbachia infection. 
In addition to restricting the successful replication of viruses, Wolbachia 
possesses the ability to modulate its host miRNA profile (Hussain et al., 2011). 
Of particular interest to this review and the research it precedes is the role 
miRNAs play in the interaction between Wolbachia and its host Ae. aegypti. 
Currently, there have been 156 different miRNAs characterised in Ae. aegypti 
by a range of deep sequencing experiments (Li et al., 2009) (miRbase.org). 
Despite little being known about the function of these miRNAs, microarray 
analysis revealed that a number of miRNAs show differential expression in 
mosquitoes infected with the wMelPop-CLA strain of Wolbachia (Hussain et al., 
2011). The study went on further to analyse the gene target of the miRNA aae-
miR-2940 which was induced by Wolbachia in mosquitoes. Cloning and 
bioinformatics approaches were employed in order to identify a candidate target 
gene. One miRNA, that was not explored in the 2011 study, was aae-miR-309. 
It was demonstrated to be highly induced by Wolbachia infection. However, 
later research would come to uncover aae-miR-309 as an ovary-specific 
expressed miRNA (Zhang et al., 2016) and this finding was mirrored in our own 
findings presented in Chapter 3. In this chapter, we aimed to determine whether 
the previously described transcription factor GATA4, was under the regulatory 
control of miRNAs in mosquito ovaries. This was driven in part by the 
knowledge that it was induced by Wolbachia. 
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9.  Research aims and hypotheses 
The potential for Wolbachia to limit the spread of pathogenic flaviviruses such 
as DENV holds enough promise that work has already commenced in 
implementing it as a biocontrol agent in multiple countries. Despite this exciting 
advance in biological vector control, the limited understanding of the ways in 
which Wolbachia impacts its hosts biology represents a significant challenge to 
its progress as well as a potential risk to its implementation. The aim of this 
research was to further enlighten our understanding of some of these 
physiological impacts of Wolbachia on the host, in particular, the mechanism 
and consequences of GATA4 induction in Ae. aegypti. We hypothesised that 
GATA4 is under the regulatory control of miRNA. We discovered the 
involvement of a particular miRNA in regulation of GATA4. 
Observations indicating a co-variance of DENV and GATA4 led us to 
hypothesise that this association may be influenced by the presence of specific 
miRNAs. We link previous observations that aae-miRNA-309 is upregulated by 
Wolbachia (Hussain et al., 2011), to our observation that Wolbachia 
upregulates GATA4 in mosquito ovaries. We also demonstrate that DENV 
actively suppresses both GATA4 and aae-miR-309. 
Infection with DENV has been well demonstrated to impact transcriptional 
regulation in mosquitoes affecting coding genes and miRNAs alike. This 
knowledge underpinned our hypothesis that DENV would also influence the 
production of isomiRs. Our research made further efforts to assess the impact 
of DENV on Ae. aegypti isomiR production.  
 
 
 
 
 
 
19 
10.  References 
Aguiar, M, Stollenwerk, N and Halstead, SB (2016) The Impact of the Newly 
Licensed Dengue Vaccine in Endemic Countries. PLoS Neglected 
Tropical Diseases 10: e0005179. 
Alexandrov, ID, Alexandrova, MV, Goryacheva, II, Rochina, NV, Shaikevich, 
EV and Zakharov, IA (2007) Removing endosymbiotic Wolbachia 
specifically decreases lifespan of females and competitiveness in a 
laboratory strain of Drosophila melanogaster. Russian Journal of 
Genetics 43: 1147-1152. 
Almeida, MI, Reis, RM and Calin, GA (2011) MicroRNA history: Discovery, 
recent applications, and next frontiers. Mutation Research-Fundamental 
and Molecular Mechanisms of Mutagenesis 717: 1-8. 
Ambros, V, Bartel, B, Bartel, DP, Burge, CB, Carrington, JC, Chen, X, Dreyfuss, 
G, Eddy, SR, Griffiths-Jones, S, Marshall, M, Matzke, M, Ruvkun, G and 
Tuschl, T (2003) A uniform system for microRNA annotation. RNA 9: 
277-9. 
Asad, S, Hall-Mendelin, S and Asgari, S (2016) Downregulation of Aedes 
aegypti chromodomain helicase DNA binding protein 7/Kismet by 
Wolbachia and its effect on dengue virus replication. Scientific Reports 
6: 36850. 
Asgari, S (2013) MicroRNA functions in insects. Insect Biochemistry and 
Molecular Biology 43: 388-397. 
Asgari, S and Sullivan, CS (2010) Role of microRNAs as regulators of host-
virus interactions. In: Insect Virology (Asgari, S and Johnson, KN, eds.).  
pp. 347-365. Caister Academic Press, 32 Hewitts Lanewymondham NR 
18 0JA, England. 
Attardo, GM, Higgs, S, Klingler, KA, Vanlandingham, DL and Raikhel, AS 
(2003) RNA interference-mediated knockdown of a GATA factor reveals 
a link to anautogeny in the mosquito Aedes aegypti. Proceedings of the 
National Academy of Sciences of the United States of America 100: 
13374-13379. 
Bardina, SV, Bunduc, P, Tripathi, S, Duehr, J, Frere, JJ, Brown, JA, 
Nachbagauer, R, Foster, GA, Krysztof, D, Tortorella, D, Stramer, SL, 
Garcia-Sastre, A, Krammer, F and Lim, JK (2017) Enhancement of Zika 
virus pathogenesis by preexisting antiflavivirus immunity. Science 356: 
175-180. 
Bartel, DP (2004) MicroRNAs: Genomics, biogenesis, mechanism, and 
function. Cell 116: 281-297. 
 
20 
Bartel, DP and Chen, CZ (2004) Micromanagers of gene expression: the 
potentially widespread influence of metazoan microRNAs. Nature 
Reviews Genetics 5: 396-400. 
Baxter, RH, Contet, A and Krueger, K (2017) Arthropod innate immune systems 
and vector-borne diseases. Biochemistry 56: 907-918. 
Benelli, G (2015) Research in mosquito control: Current challenges for a 
brighter future. Parasitology Research 114: 2801-5. 
Bernstein, E, Caudy, AA, Hammond, SM and Hannon, GJ (2001) Role for a 
bidentate ribonuclease in the initiation step of RNA interference. Nature 
409: 363-366. 
Berretta, J and Morillon, A (2009) Pervasive transcription constitutes a new 
level of eukaryotic genome regulation. EMBO Reports 10: 973-982. 
Bharaj, P, Chahar, HS, Pandey, A, Diddi, K, Dar, L, Guleria, R, Kabra, SK and 
Broor, S (2008) Concurrent infections by all four dengue virus serotypes 
during an outbreak of dengue in 2006 in Delhi, India. Virology Journal 5: 
1. 
Bhatt, S, Gething, PW, Brady, OJ, Messina, JP, Farlow, AW, Moyes, CL, Drake, 
JM, Brownstein, JS, Hoen, AG, Sankoh, O, Myers, MF, George, DB, 
Jaenisch, T, Wint, GRW, Simmons, CP, Scott, TW, Farrar, JJ and Hay, 
SI (2013) The global distribution and burden of dengue. Nature 496: 504-
507. 
Bian, GW, Xu, Y, Lu, P, Xie, Y and Xi, ZY (2010) The endosymbiotic bacterium 
wolbachia induces resistance to dengue virus in Aedes aegypti. PLoS 
Pathogens 6: e1000833. 
Blair, CD (2011) Mosquito RNAi is the major innate immune pathway controlling 
arbovirus infection and transmission. Future microbiology 6: 265-77. 
Bodmer, R and Venkatesh, TV (1998) Heart development in Drosophila and 
vertebrates: Conservation of molecular mechanisms. Developmental 
Genetics 22: 181-186. 
Brackney, DE, Scott, JC, Sagawa, F, Woodward, JE, Miller, NA, Schilkey, FD, 
Mudge, J, Wilusz, J, Olson, KE, Blair, CD and Ebel, GD (2010) C6/36 
Aedes albopictus cells have a dysfunctional antiviral RNA interference 
response. PLoS Neglected Tropical Diseases 4: e856  
Buchon, N, Silverman, N and Cherry, S (2014) Immunity in Drosophila 
melanogaster--from microbial recognition to whole-organism physiology. 
Nature Reviews in Immunology 14: 796-810. 
Capeding, MR, Tran, NH, Hadinegoro, SRS, Ismail, H, Chotpitayasunondh, T, 
Chua, MN, Luong, CQ, Rusmil, K, Wirawan, DN, Nallusamy, R, 
Pitisuttithum, P, Thisyakorn, U, Yoon, IK, van der Vliet, D, Langevin, E, 
Laot, T, Hutagalung, Y, Frago, C, Boaz, M, Wartel, TA, Tornieporth, NG, 
 
21 
Saville, M, Bouckenooghe, A and Grp, CYDS (2014) Clinical efficacy 
and safety of a novel tetravalent dengue vaccine in healthy children in 
Asia: a phase 3, randomised, observer-masked, placebo-controlled trial. 
Lancet 384: 1358-1365. 
Caragata, EP, Rances, E, O'Neill, SL and McGraw, EA (2014) Competition for 
amino acids between Wolbachia and the mosquito host, Aedes aegypti. 
Microbial Ecology 67: 205-218. 
Carson, PJ, Borchardt, SM, Custer, B, Prince, HE, Dunn-Williams, J, 
Winkelman, V, Tobler, L, Biggerstaff, BJ, Lanciotti, R, Petersen, LR and 
Busch, MP (2012) Neuroinvasive dsease and West Nile Virus infection, 
North Dakota, USA, 1999-2008. Emerging infectious diseases 18: 684-
686. 
Chang, GJ, Davis, BS, Hunt, AR, Holmes, DA and Kuno, G (2001) Flavivirus 
DNA vaccines: current status and potential. Annals of the New York 
Academy of Sciences 951: 272-85. 
Chotkowski, HL, Ciota, AT, Jia, Y, Puig-Basagoiti, F, Kramer, LD, Shi, PY and 
Glaser, RL (2008) West Nile virus infection of Drosophila melanogaster 
induces a protective RNAi response. Virology 377: 197-206. 
Cloonan, N, Wani, S, Xu, QY, Gu, J, Lea, K, Heater, S, Barbacioru, C, Steptoe, 
AL, Martin, HC, Nourbakhsh, E, Krishnan, K, Gardiner, B, Wang, XH, 
Nones, K, Steen, JA, Matigian, NA, Wood, DL, Kassahn, KS, Waddell, 
N, Shepherd, J, Lee, C, Ichikawa, J, McKernan, K, Bramlett, K, 
Kuersten, S and Grimmond, SM (2011) MicroRNAs and their isomiRs 
function cooperatively to target common biological pathways. Genome 
Biology 12: R126. 
Cullen, BR (2009) Viral and cellular messenger RNA targets of viral 
microRNAs. Nature 457: 421-425. 
Davidson, AD (2009) New insights into flavivirus nonstructural protein 5. In: 
Advances in Virus Research, Vol 74 (Maramorosch, K, Shatkin, AJ and 
Murphy, FA, eds.). Vol. 74,  pp. 41-101. 
Diosa-Toro, M, Urcuqui-Inchima, S and Smit, JM (2013) Arthropod-borne 
flaviviruses and RNA interference: seeking new approaches for antiviral 
therapy. In: Advances in Virus Research (Maramorosch, K and Murphy, 
FA, eds.). Vol. 85,  pp. 91-111. Academic Press, New Brunswick, NJ, 
USA. 
Evans, T (1997) Regulation of cardiac gene expression by GATA-4/5/6. Trends 
in Cardiovascular Medicine 7: 75-83. 
Fehri, LF, Koch, M, Belogolova, E, Khalil, H, Bolz, C, Kalali, B, Mollenkopf, HJ, 
Beigier-Bompadre, M, Karlas, A, Schneider, T, Churin, Y, Gerhard, M 
and Meyer, TF (2010) Helicobacter pylori Induces miR-155 in T Cells in 
a cAMP-Foxp3-Dependent Manner. PLoS One 5: e9500. 
 
22 
Fernandez-Garcia, A, Cuevas, MT, Munoz-Nieto, M, Ocampo, A, Pinilla, M, 
Garcia, V, Serrano-Bengoechea, E, Lezaun, MJ, Delgado, E, Thomson, 
M, Gonzalez-Galeano, M, Contreras, G, Najera, R and Perez-Alvarez, L 
(2009) Development of a panel of well-characterized human 
immunodeficiency virus Type 1 isolates from newly diagnosed patients 
including acute and recent infections. Aids Research and Human 
Retroviruses 25: 93-102. 
Fredericks, AC and Fernandez-Sesma, A (2014) The burden of dengue and 
chikungunya worldwide: Implications for the Southern United States and 
California. Annals of Global Health 80: 466-475. 
Frentiu, FD, Zakir, T, Walker, T, Popovici, J, Pyke, AT, van den Hurk, A, 
McGraw, EA and O'Neill, SL (2014) Limited dengue virus replication in 
field-collected Aedes aegypti mosquitoes infected with Wolbachia. PLoS 
Neglected Tropical Diseases 8: e2688. 
Galbraith, SE and Barrett, ADT (2009) Yellow Fever. ELSEVIER ACADEMIC 
PRESS INC, 525 B STREET, SUITE 1900, SAN DIEGO, CA 92101-
4495 USA. 753-785 pp. 
Gillio-Meina, C, Hui, YY and LaVoie, HA (2003) GATA-4 and GATA-6 
transcription factors: Expression, immunohistochemical localization, and 
possible function in the porcine ovary. Biology of Reproduction 68: 412-
422. 
Gould, E, Pettersson, J, Higgs, S, Charrel, R and de Lamballerie, X (2017) 
Emerging arboviruses: Why today? One Health 4: 1-13. 
Guo, XX, Zhu, XJ, Li, CX, Dong, YD, Zhang, YM, Xing, D, Xue, RD, Qin, CF 
and Zhao, TY (2013) Vector competence of Aedes albopictus and Aedes 
aegypti (Diptera: Culicidae) for DEN2-43 and New Guinea C virus strains 
of dengue 2 virus. Acta Tropica 128: 566-570. 
Halstead, SB (1988) Pathogenesis of dengue - Challenges to molecular-
biology. Science 239: 476-481. 
Halstead, SB and Thomas, SJ (2010) Japanese Encephalitis: New options for 
active immunization. Clinical Infectious Diseases 50: 1155-1164. 
Han, JJ, Lee, Y, Yeom, KH, Kim, YK, Jin, H and Kim, VN (2004) The Drosha-
DGCR8 complex in primary microRNA processing. Genes & 
Development 18: 3016-3027. 
Harrington, LC, Edman, JD and Scott, TW (2001) Why do female Aedes aegypti 
(Diptera : Culicidae) feed preferentially and frequently on human blood? 
Journal of Medical Entomology 38: 411-422. 
Hilgenboecker, K, Hammerstein, P, Schlattmann, P, Telschow, A and Werren, 
JH (2008) How many species are infected with Wolbachia? - a statistical 
analysis of current data. FEMS Microbiology Letters 281: 215-220. 
 
23 
Hoffmann, AA, Montgomery, BL, Popovici, J, Iturbe-Ormaetxe, I, Johnson, PH, 
Muzzi, F, Greenfield, M, Durkan, M, Leong, YS, Dong, Y, Cook, H, 
Axford, J, Callahan, AG, Kenny, N, Omodei, C, McGraw, EA, Ryan, PA, 
Ritchie, SA, Turelli, M and O'Neill, SL (2011) Successful establishment 
of Wolbachia in Aedes populations to suppress dengue transmission. 
Nature 476: 454-457. 
Horwich, MD, Li, CJ, Matranga, C, Vagin, V, Farley, G, Wang, P and Zamore, 
PD (2007) The Drosophila RNA methyltransferase, DmHen1, modifies 
germline piRNAs and single-stranded siRNAs in RISC. Current Biology 
17: 1265-1272. 
Hussain, M, Frentiu, FD, Moreira, LA, O'Neill, SL and Asgari, S (2011) 
Wolbachia uses host microRNAs to manipulate host gene expression 
and facilitate colonization of the dengue vector Aedes aegypti. 
Proceedings of the National Academy of Sciences of the United States 
of America 108: 9250-9255. 
Hussain, M, Lu, GJ, Torres, S, Edmonds, JH, Kay, BH, Khromykh, AA and 
Asgari, S (2013) Effect of Wolbachia on replication of West Nile Virus in 
a mosquito cell line and adult mosquitoes. Journal of Virology 87: 851-
858. 
Ivanyi-Nagy, R and Darlix, JL (2010) Intrinsic disorder in the core proteins of 
flaviviruses. Protein and Peptide Letters 17: 1019-1025. 
Jackson, RJ and Standart, N (2007) How do microRNAs regulate gene 
expression? Science Signal Transduction Knowledge Environment 2: 
1224-1231. 
Johnson, BW, Chambers, TV, Crabtree, MB, Filippis, AMB, Vilarinhos, PTR, 
Resende, MC, Macoris, MDG and Miller, BR (2002) Vector competence 
of Brazilian Aedes aegypti and Ae. albopictus for a Brazilian yellow fever 
virus isolate. Transactions of the Royal Society of Tropical Medicine and 
Hygiene 96: 611-613. 
Khvorova, A, Reynolds, A and Jayasena, SD (2003) Functional siRNAs and 
miRNAs exhibit strand bias (vol 115, pg 209, 2003). Cell 115: 505-505. 
Kraemer, MUG, Golding, N, Brady, OJ, Messina, JP, Smith, DL, Wint, GRW 
and Hay, SI (2015) The global distribution of the arbovirus vectors Aedes 
aegypti and Ae. albopictus. Tropical Medicine & International Health 20: 
38-38. 
Lai, HF, Paul, AM, Sun, HY, He, JY, Yang, M, Bai, FW and Chen, Q (2018) A 
plant-produced vaccine protects mice against lethal West Nile virus 
infection without enhancing Zika or dengue virus infectivity. Vaccine 36: 
1846-1852. 
Lambrechts, L, Chevillon, C, Albright, RG, Thaisomboonsuk, B, Richardson, 
JH, Jarman, RG and Scott, TW (2009) Genetic specificity and potential 
 
24 
for local adaptation between dengue viruses and mosquito vectors. BMC 
Evolutionary Biology 9: 160  
LaMonte, G, Philip, N, Reardon, J, Lacsina, JR, Majoros, W, Chapman, L, 
Thornburg, CD, Telen, MJ, Ohler, U, Nicchitta, CV, Haystead, T and Chi, 
JT (2012) Translocation of sickle cell erythrocyte microRNAs into 
Plasmodium falciparum inhibits parasite translation and contributes to 
malaria resistance. Cell Host & Microbe 12: 187-199. 
Landthaler, M, Yalcin, A and Tuschl, T (2004) The human DiGeorge syndrome 
critical region gene 8 and its D-melanogaster homolog are required for 
miRNA biogenesis. Current Biology 14: 2162-2167. 
Lee, RC, Feinbaum, RL and Ambros, V (1993) The c-elegans heterochronic 
gene lin-4 encodes small RNAs with antisense complementarity to lin-
14. Cell 75: 843-854. 
Lee, Y, Ahn, C, Han, JJ, Choi, H, Kim, J, Yim, J, Lee, J, Provost, P, Radmark, 
O, Kim, S and Kim, VN (2003) The nuclear RNase III Drosha initiates 
microRNA processing. Nature 425: 415-419. 
Lee, Y, Kim, M, Han, JJ, Yeom, KH, Lee, S, Baek, SH and Kim, VN (2004) 
MicroRNA genes are transcribed by RNA polymerase II. EMBO Journal 
23: 4051-4060. 
Lewis, BP, Shih, IH, Jones-Rhoades, MW, Bartel, DP and Burge, CB (2003) 
Prediction of mammalian microRNA targets. Cell 115: 787-798. 
Li, CX, Guo, XX, Deng, YQ, Xing, D, Sun, AJ, Liu, QM, Wu, Q, Dong, YD, 
Zhang, YM, Zhang, HD, Cao, WC, Qin, CF and Zhao, TY (2017) Vector 
competence and transovarial transmission of two Aedes aegypti strains 
to Zika virus. Emerging Microbes & Infections 6: e23. 
Li, S, Mead, EA, Liang, SH and Tu, ZJ (2009) Direct sequencing and expression 
analysis of a large number of miRNAs in Aedes aegypti and a multi-
species survey of novel mosquito miRNAs. BMC Genomics 10: E581. 
Lindenbach, BD, Pragai, BM, Montserret, R, Beran, RKF, Pyle, AM, Penin, F 
and Rice, CM (2007) The C terminus of hepatitis C virus NS4A encodes 
an electrostatic switch that regulates NS5A hyperphospholylation and 
viral replication. Journal of Virology 81: 8905-8918. 
Liu, Y, Ye, XC, Jiang, F, Liang, CY, Chen, DM, Peng, JM, Kinch, LN, Grishin, 
NV and Liu, QH (2009) C3PO, an endoribonuclease that promotes RNAi 
by facilitating RISC activation. Science 325: 750-753. 
Lounibos, LP (1981) Habitat segregation among african treehole mosquitos. 
Ecological Entomology 6: 129-154. 
Lu, J, Getz, G, Miska, EA, Alvarez-Saavedra, E, Lamb, J, Peck, D, Sweet-
Cordero, A, Ebet, BL, Mak, RH, Ferrando, AA, Downing, JR, Jacks, T, 
 
25 
Horvitz, HR and Golub, TR (2005) MicroRNA expression profiles classify 
human cancers. Nature 435: 834-838. 
Mackenzie, JM, Jones, MK and Westaway, EG (1999) Markers for trans-Golgi 
membranes and the intermediate compartment localize to induced 
membranes with distinct replication functions in flavivirus-infected cells. 
Journal of Virology 73: 9555-9567. 
Markoff, L (2003) 5 '- and 3 '-noncoding regions in flavivirus RNA. Flaviviruses: 
Structure, Replication and Evolution 59: 177-228. 
Matsushima, K, Isomoto, H, Inoue, N, Nakayama, T, Hayashi, T, Nakayama, 
M, Nakao, K, Hirayama, T and Kohno, S (2011) MicroRNA signatures in 
Helicobacter pylori-infected gastric mucosa. International Journal of 
Cancer 128: 361-370. 
Mattingly, PF (1967) Taxonomy of Aedes Aegypti and related species. Bulletin 
of the World Health Organization 36: 552-554. 
Mattingly, PF and Brucechwatt, LJ (1954) Morphology and bionomics of Aedes-
(stegomyia)-pseudoafricanus chwatt (diptera, culicidae), with some 
notes on the distribution of the subgenus stegomyia in Africa. Annals of 
Tropical Medicine and Parasitology 48: 183-193. 
McMeniman, CJ, Lane, RV, Cass, BN, Fong, AWC, Sidhu, M, Wang, Y-F and 
O'Neill, SL (2009) Stable introduction of a life-shortening Wolbachia 
infection into the mosquito Aedes aegypti. Science 323: 141-144. 
Medigeshi, GR (2011) Mosquito-borne flaviviruses: Overview of viral life-cycle 
and host-virus interactions. Future Virology 6: 1075-1089. 
Merika, M and Orkin, SH (1993) DNA-Binding specificity of GATA family 
transcription factors. Molecular and Cellular Biology 13: 3999-4010. 
Mimuro, H, Suzuki, T, Nagai, S, Rieder, G, Suzuki, M, Nagai, T, Fujita, Y, 
Nagamatsu, K, Ishijima, N, Koyasu, S, Haas, R and Sasakawa, C (2007) 
Helicobacter pylori dampens gut epithelial self-renewal by inhibiting 
apoptosis, a bacterial strategy to enhance colonization of the stomach. 
Cell Host & Microbe 2: 250-263. 
Molkentin, JD (2000) The zinc finger-containing transcription factors GATA-4,-
5, and-6 - ubiquitously expressed regulators of tissue-specific gene 
expression. Journal of Biological Chemistry 275: 38949-38952. 
Moreira, LA, Iturbe-Ormaetxe, I, Jeffery, JA, Lu, GJ, Pyke, AT, Hedges, LM, 
Rocha, BC, Hall-Mendelin, S, Day, A, Riegler, M, Hugo, LE, Johnson, 
KN, Kay, BH, McGraw, EA, van den Hurk, AF, Ryan, PA and O'Neill, SL 
(2009) A Wolbachia symbiont in Aedes aegypti limits infection with 
dengue, Chikungunya, and Plasmodium. Cell 139: 1268-1278. 
 
26 
Navarro, L, Dunoyer, P, Jay, F, Arnold, B, Dharmasiri, N, Estelle, M, Voinnet, 
O and Jones, JDG (2006) A plant miRNA contributes to antibacterial 
resistance by repressing auxin signaling. Science 312: 436-439. 
Neilsen, CT, Goodall, GJ and Bracken, CP (2012) IsomiRs - the overlooked 
repertoire in the dynamic microRNAome. Trends in Genetics 28: 544-
549. 
Okamura, K, Ishizuka, A, Siomi, H and Siomi, MC (2004) Distinct roles for 
argonaute proteins in small RNA-directed RNA cleavage pathways. 
Genes & Development 18: 1655-1666. 
Park, JH, Attardo, GM, Hansen, IA and Raikhel, AS (2006) GATA factor 
translation is the final downstream step in the amino acid/target-of-
rapamycin-mediated vitellogenin gene expression in the anautogenous 
mosquito Aedes aegypti. Journal of Biological Chemistry 281: 11167-
11176. 
Perera, R, Khaliq, M and Kuhn, RJ (2008) Closing the door on flaviviruses: 
Entry as a target for antiviral drug design. Antiviral Research 80: 11-22. 
Peters, L and Meister, G (2007) Argonaute proteins: Mediators of RNA 
silencing. Molecular Cell 26: 611-623. 
Pijlman, GP, Funk, A, Kondratieva, N, Leung, J, Torres, S, van der Aa, L, Liu, 
WJ, Palmenberg, AC, Shi, PY, Hall, RA and Khromykh, AA (2008) A 
highly structured, nuclease-resistant, noncoding RNA produced by 
flaviviruses Is required for pathogenicity. Cell Host & Microbe 4: 579-
591. 
Pillai, RS (2005) MicroRNA function: Multiple mechanisms for a tiny RNA? 
RNA-a Publication of the RNA Society 11: 1753-1761. 
Pillai, RS, Bhattacharyya, SN and Filipowicz, W (2007) Repression of protein 
synthesis by miRNAs: how many mechanisms? Trends Cell Biol 17: 
118-26. 
Poirier, EZ, Goic, B, Tome-Poderti, L, Frangeul, L, Boussier, J, Gausson, V, 
Blanc, H, Vallet, T, Loyd, H, Levi, LI, Lanciano, S, Baron, C, Merkling, 
SH, Lambrechts, L, Mirouze, M, Carpenter, S, Vignuzzi, M and Saleh, 
MC (2018) Dicer-2-dependent generation of viral DNA from defective 
genomes of RNA viruses modulates antiviralimmunity in insects. Cell 
Host & Microbe 23: 353-365. 
Powell, JR (2018) Mosquito-borne human viral diseases: Why Aedes aegypti? 
The American journal of tropical medicine and hygiene 98: 1563-1565. 
Ramirez, JL and Dimopoulos, G (2010) The Toll immune signaling pathway 
control conserved anti-dengue defenses across diverse Ae. aegypti 
strains and against multiple dengue virus serotypes. Developmental and 
Comparative Immunology 34: 625-629. 
 
27 
Rances, E, Ye, YXH, Woolfit, M, McGraw, EA and O'Neill, SL (2012) The 
relative importance of innate immune priming in Wolbachia-mediated 
dengue interference. PLoS Pathogens 8: e1002548. 
Ritchie, SA (2014) Dengue Vector Bionomics: Why Aedes aegypti is such a 
good vector. In: Dengue and dengue hemorrhagic fever. Gubler, DJ, 
Ooi, EE, Vasudevan, S and Farrar, J (Eds). CAB International. 455-480 
pp. 
Saleh, MC, Tassetto, M, van Rij, RP, Goic, B, Gausson, V, Berry, B, Jacquier, 
C, Antoniewski, C and Andino, R (2009) Antiviral immunity in Drosophila 
requires systemic RNA interference spread. Nature 458: 346-U109. 
Sanchez-Vargas, I, Scott, JC, Poole-Smith, BK, Franz, AWE, Barbosa-
Solomieu, V, Wilusz, J, Olson, KE and Blair, CD (2009) Dengue virus 
type 2 infections of Aedes aegypti are modulated by the mosquito's RNA 
interference pathway. PLoS Pathogens 5: e1000299. 
Schnettler, E, Sterken, MG, Leung, JY, Metz, SW, Geertsema, C, Goldbach, 
RW, Vlak, JM, Kohl, A, Khromykh, AA and Pijlman, GP (2012) 
Noncoding flavivirus RNA displays RNA interference suppressor activity 
in insect and mammalian cells. Journal of Virology 86: 13486-13500. 
Schulte, LN, Eulalio, A, Mollenkopf, HJ, Reinhardt, R and Vogel, J (2011) 
Analysis of the host microRNA response to Salmonella uncovers the 
control of major cytokines by the let-7 family. EMBO Journal 30: 1977-
1989. 
Sen Kwek, S, Watanabe, S, Chan, KR, Ong, EZ, Tan, HC, Ng, WC, Nguyen, 
MTX, Gan, ES, Zhang, SL, Chan, KWK, Tan, JH, Sessions, OM, Manuel, 
M, Pompon, J, Chua, C, Hazirah, S, Tryggvason, K, Vasudevan, SG and 
Ooi, EE (2018) A systematic approach to the development of a safe live 
attenuated Zika vaccine. Nature Communications 9: 1031. 
Serrato-Salas, J, Hernandez-Martinez, S, Martinez-Barnetche, J, Conde, R, 
Alvarado-Delgado, A, Zumaya-Estrada, F and Lanz-Mendoza, H 
(2018a) De Novo DNA Synthesis in Aedes aegypti midgut cells as a 
complementary strategy to limit dengue viral replication. Frontiers in 
Microbiology 9: 801. 
Serrato-Salas, J, Izquierdo-Sanchez, J, Arguello, M, Conde, R, Alvarado-
Delgado, A and Lanz-Mendoza, H (2018b) Aedes aegypti antiviral 
adaptive response against DENV-2. Developmental and Comparative 
Immunology 84: 28-36. 
Skalsky, RL, Samols, MA, Plaisance, KB, Boss, IW, Riva, A, Lopez, MC, Baker, 
HV and Renne, R (2007) Kaposi's sarcoma-associated herpesvirus 
encodes an ortholog of miR-155. Journal of Virology 81: 12836-12845. 
Smit, JM, Moesker, B, Rodenhuis-Zybert, I and Wilschut, J (2011) Flavivirus 
cell entry and membrane fusion. Viruses-Basel 3: 160-171. 
 
28 
Souza-Neto, JA, Sim, S and Dimopoulos, G (2009) An evolutionary conserved 
function of the JAK-STAT pathway in anti-dengue defense. Proceedings 
of the National Academy of Sciences of the United States of America 
106: 17841-6. 
Staedel, C and Darfeuille, F (2013) MicroRNAs and bacterial infection. Cellular 
Microbiology 15: 1496-1507. 
Stiasny, K, Fritz, R, Pangerl, K and Heinz, FX (2011) Molecular mechanisms of 
flavivirus membrane fusion. Amino Acids 41: 1159-1163. 
Tijsterman, M and Plasterk, RHA (2004) Dicers at RISC: The mechanism of 
RNAi. Cell 117: 1-3. 
Tripp, RA and Ross, TM (2016) Development of a Zika vaccine. Expert Review 
of Vaccines 15: 1083-1085. 
Urcuqui-Inchima, S, Patino, C, Torres, S, Haenni, AL and Diaz, FJ (2010) 
Recent developments in understanding dengue virus replication. In: 
Advances in Virus Research, Vol 77 (Maramorosch, K, Shatkin, AJ and 
Murphy, FA, eds.). Vol. 77,  pp. 1-39. 
Vega-Rua, A, Zouache, K, Girod, R, Failloux, AB and Lourenco-de-Oliveira, R 
(2014) High level of vector competence of Aedes aegypti and Aedes 
albopictus from ten American countries as a crucial factor in the spread 
of Chikungunya virus. Journal of Virology 88: 6294-6306. 
Capeding, MR, Tran, NH, Hadinegoro, SRS, Ismail, H, Chotpitayasunondh, T, 
Chua, MN, Luong, CQ, Rusmil, K, Wirawan, DN, Nallusamy, R, 
Pitisuttithum, P, Thisyakorn, U, Yoon, IK, van der Vliet, D, Langevin, E, 
Laot, T, Hutagalung, Y, Frago, C, Boaz, M, Wartel, TA, Tornieporth, NG, 
Saville, M, Bouckenooghe, A and Grp, CYDS (2014) Clinical efficacy 
and safety of a novel tetravalent dengue vaccine in healthy children in 
Asia: a phase 3, randomised, observer-masked, placebo-controlled trial. 
Lancet 384: 1358-1365. 
Villordo, SM and Gamarnik, AV (2009) Genome cyclization as strategy for 
flavivirus RNA replication. Virus Research 139: 230-239. 
Waterhouse, RM, Kriventseva, EV, Meister, S, Xi, Z, Alvarez, KS, Bartholomay, 
LC, Barillas-Mury, C, Bian, G, Blandin, S, Christensen, BM, Dong, Y, 
Jiang, H, Kanost, MR, Koutsos, AC, Levashina, EA, Li, J, Ligoxygakis, 
P, MacCallum, RM, Mayhew, GF, Mendes, A, Michel, K, Osta, MA, 
Paskewitz, S, Shin, SW, Vlachou, D, Wang, L, Wei, W, Zheng, L, Zou, 
Z, Severson, DW, Raikhel, AS, Kafatos, FC, Dimopoulos, G, Zdobnov, 
EM and Christophides, GK (2007) Evolutionary dynamics of immune-
related genes and pathways in disease-vector mosquitoes. Science 316: 
1738-1743. 
 
29 
Westaway, EG, Brinton, MA, Gaidamovich, SY, Horzinek, MC, Igarashi, A, 
Kaariainen, L, Lvov, DK, Porterfield, JS, Russell, PK and Trent, DW 
(1985) Flaviviridae. Intervirology 24: 183-192. 
Wightman, B, Ha, I and Ruvkun, G (1993) Postranscriptional regulation of the 
heterochronic gene lin-14 by lin-4 mediates temporal pattern-formation 
in c-elegans. Cell 75: 855-862. 
Winter, J, Jung, S, Keller, S, Gregory, RI and Diederichs, S (2009) Many roads 
to maturity: microRNA biogenesis pathways and their regulation. Nature 
Cell Biology 11: 228-234. 
Ying, SY and Lin, SL (2004) Intron-derived microRNAs - fine tuning of gene 
functions. Gene 342: 25-28. 
Zhang, L, Hou, DX, Chen, X, Li, DH, Zhu, LY, Zhang, YJ, Li, J, Bian, Z, Liang, 
XY, Cai, X, Yin, Y, Wang, C, Zhang, TF, Zhu, DH, Zhang, DM, Xu, J, 
Chen, Q, Ba, Y, Liu, J, Wang, Q, Chen, JQ, Wang, J, Wang, M, Zhang, 
QP, Zhang, JF, Zen, K and Zhang, CY (2012) Exogenous plant MIR168a 
specifically targets mammalian LDLRAP1: evidence of cross-kingdom 
regulation by microRNA. Cell Research 22: 107-126. 
Zhang, Y, Zhao, B, Roy, S, Saha, TT, Kokoza, VA, Li, M and Raikhel, AS (2016) 
microRNA-309 targets the Homeobox gene SIX4 and controls ovarian 
development in the mosquito Aedes aegypti. Proceedings of the 
National Academy of Sciences of the United States of America 113: 
E4828-E4836. 
Zhang, Z, Zha, Y, Hu, W, Huang, Z, Gao, Z, Zang, Y, Chen, J, Dong, L and 
Zhang, J (2013) The autoregulatory feedback loop of microRNA-
21/programmed cell death protein 4/activation protein-1 (MiR-
21/PDCD4/AP-1) as a driving force for hepatic fibrosis development. 
Journal of Biological Chemistry 288: 37082-93. 
 
 
 
 
 
 
 
 
30 
 
 
 
 
 
 
Chapter 2 : Wolbachia induced transcription factor 
GATA4 suppresses ovary specific genes Bsg25D and 
Disc 
(Presented as a manuscript published in Insect Molecular Biology) 
Osei-Amo, S, Hussein, M, Asad, S, Hugo, L and Asgari, S (2018) Wolbachia-
induced transcription factor GATA4 suppresses ovary-specific genes 
blastoderm-specific protein 25D and imaginal disc growth factor. Insect 
Molecular Biology 27: 295-304. 
  
 
31 
Chapter 2: Wolbachia induced transcription factor 
GATA4 suppresses ovary specific genes Bsg25D and 
Disc 
Solomon Osei-Amo1, Mazhar Hussein1ψ, Sultan Asad1, Leon Hugo2 and 
Sassan Asgari1* 
 
 
1Australian Infectious Disease Research Centre, School of Biological Sciences, 
The University of Queensland, Brisbane QLD 4072 Australia 
 
2QIMR Berghofer Medical Research Institute, Royal Brisbane Hospital, 
Brisbane, Australia 
 
 
Corresponding Author; Sassan Asgari, email: s.asgari@uq.edu.au 
current address: School of Biomedical Sciences, Institute of Health and 
Biomedical Innovation, Queensland University of Technology, QIMR Berghofer 
Medical Research Institute, Herston QLD 4006 Australia 
 
32 
1.  Abstract 
The endosymbiotic bacterium Wolbachia infects a wide array of insect hosts and has 
been implicated in a range of biological modifications as a consequence of its infection. 
Previously, it was shown that the transcription factor GATA4 was significantly induced 
in Wolbachia infected Ae. aegypti whole mosquitoes and cells. Here, we provide 
evidence that this induction also occurs in mosquito ovaries where the ovary-specific 
genes Bsg25D and imaginal disc growth factor (Disc) are suppressed by Wolbachia. 
We further demonstrate that transcriptional depletion of GATA4 results in upregulation 
of both genes and conversely its overexpression leads to downregulation of the genes 
suggesting that Wolbachia-induced GATA4 plays a suppressive regulatory role with 
regards to Bsg25D and Disc expression in mosquito ovaries. When the Disc gene was 
silenced in mosquitoes, we did not observe any difference in the number of mature 
ovarian follicles developed between treatment groups. However, we did find a 
significant delay in the hatching of eggs which had been laid by Disc knockdown 
mosquitoes. 
Keywords: Aedes aegypti; GATA4; Wolbachia; ovary 
 
2.  Introduction 
Wolbachia pipientis is an endosymbiotic bacterium, that is estimated to have infected 
as many as two thirds of all insect species (Hilgenboecker et al., 2008; Jiggins et al., 
2001). Wolbachia is most commonly associated with manipulating host reproductive 
strategies through means such as feminization, male killing, and cytoplasmic 
incompatibility (Bourtzis and O'Neill 1998; Werren et al., 2008), although some strains 
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of the gram negative bacterium have been known to have mutualistic interactions with 
their hosts (Alexandrov et al., 2007; Fry et al., 2004). These phenotypic changes in 
particular are likely to be related to Wolbachia’s propensity for colonisation of the 
gonads (Beckmann et al., 2013; Cheng et al., 2000; Jiang et al., 2014), where it 
supposedly can make changes to these organs in order to augment its ability to be 
transmitted vertically and persist in host populations. Despite being crucial for 
Wolbachia’s establishment in host populations, relatively little is known about the 
precise transcriptional changes that facilitate these physiological modulations. Given 
Wolbachia’s unique ability to inhibit replication of several pathogens, including dengue 
virus (DENV) (Glaser and Meola 2010; Hughes et al., 2011; Moreira et al., 2009), it 
represents an exciting, novel biological vector control avenue for implementation in 
areas in which DENV and other arboviruses are endemic. Despite showing some 
recent success, establishment of some non-native Wolbachia strains in clinically 
significant vector hosts have met with challenges associated with the reduced fitness 
associated with Wolbachia infection (Nguyen et al., 2015). One important factor in this 
regard may be the reduced fecundity that results from infection with Wolbachia 
(Caragata et al., 2014; McMeniman et al., 2011). Little is known about which aspects 
of Wolbachia-mediated transcriptional modulations could cause this reduced 
reproduction, however, there have been some notable characterisations that may 
contribute to this reduced reproduction. 
In 2008, wMelPop-CLA strain of Wolbachia was introduced into Ae. aegypti 
mosquitoes, which is the main vector of DENV, and is not usually naturally infected 
with Wolbachia (McMeniman et al., 2009), although there have been some reports of 
Wolbachia strains colonising Ae. aegypti in the wild (Coon et al., 2016). This had the 
effect of reducing the adult female’s lifespan by as much as 50% (McMeniman et al., 
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2009) and profound impacts on its host’s reproductive capabilities (Caragata et al., 
2014; McMeniman et al., 2009; Pimenta de Oliveira et al., 2017). In these mosquitoes 
and the cell line derived from the same species (Aag2), it was shown that wMelPop-
CLA infection results in upregulation of GATA4 (Hussain et al, 2013). Consistently, in 
previous transcriptomic studies on Wolbachia-infected Ae. aegypti mosquitoes, 
significant induction of GATA4 was recorded (Kambris et al., 2009; Rancès et al., 
2012). This versatile transcription factor is well conserved across several species 
(Bodmer and Venkatesh 1998; Molkentin 2000) and has been implicated in a broad 
range of tissue specific developmental functions (Evans 1997; Molkentin 2000; Watt 
et al., 2007). In Ae. aegypti, GATA4 (GATAa) was shown to regulate vitellogenesis by 
inducing vitellogenin in the fat body, where it is most highly expressed in response to 
blood meal (Park et al., 2006). 
In this study, we detected GATA4 to be predominantly expressed in the ovaries prior 
to blood feeding and therefore suspected an additional role of GATA4 in the ovaries, 
potentially prior to taking a blood meal. GATA4 has also previously been shown to be 
present in the ovaries (Park et al., 2006), however, its role here remains unclear. A 
deeper understanding of the role of GATA4 in mosquito ovaries and how it is 
influenced by Wolbachia is clearly required. Here, we experimentally characterise 
transcriptional changes with respect to two genes, Bsg25D and imaginal disc growth 
factor (Disc), in response to transcriptional regulation of GATA4. We additionally 
correlate these changes with those induced by Wolbachia infection which is known to 
induce GATA4.  
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3.  Results 
GATA4 shows notable expression in ovaries 
A previous report concerning the GATA4 transcription factor (GATAa; AAEL010222) 
focused mainly on the transcripts present in the fat body of Ae. aegypti mosquitoes 
(Park et al., 2006). Whilst GATA4 transcripts were also detected in the ovaries of the 
mosquito, the relative level of its expression was not determined. In order to determine 
the biological significance of the presence of GATA4 in the ovaries, we performed 
dissections of adult Ae. aegypti female mosquitoes at 6, 18 and 36 hours post blood 
meal (PBM). Quantitative RT-PCR (qRT-PCR) analyses were performed on RNA 
extracted from the ovaries and the fat body of mosquitoes to measure the relative 
expression levels of GATA4. Unexpectedly, we detected higher transcript levels of the 
gene in the ovaries relative to the fat body across all treatments, although the 
difference was more pronounced in the non-blood fed age matched mosquitoes (Fig. 
1A and B). It has previously been reported that blood meal induces GATA4 
transcription in the fat body  (Park et al., 2006). We observed the same trend in our 
mosquitoes (Fig. 1C). Given its high transcriptional abundance in the ovaries, we also 
explored the transcriptional response of GATA4 to blood feeding in the ovaries. The 
results demonstrated that there was no change in the transcript levels of GATA4 in the 
ovary before and after blood feeding (Fig. 1D), whilst an almost 5-fold increase was 
found in the transcript levels of GATA4 after blood feeding in the fat body (Fig. 1C). 
This suggests a different pattern of regulation for the GATA transcription factor in 
mosquito ovaries as compared to the fat body and thus a potentially different role in 
this tissue.  
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Figure 1: Transcriptional changes of GATA4 in Ae. aegypti fat body and ovaries 
in response to blood feeding. qRT-PCR analysis of the expression of GATA4 mRNA 
transcripts relative to RPS17 in adult mosquito tissues at 6, 18 and 36 hours post-
blood feeding. Total RNA was collected from (A) non-blood fed mosquitoes, and (B) 
blood fed mosquitoes for the ovaries and fat body. The response of GATA4 transcripts 
in the ovaries was non-significant (C), but greater than 5-fold induction in the fat body 
(D). Error bars represent standard error of the mean (SEM) for three biological 
replicates. NB, non-blood fed; BF, blood fed. 
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GATA4 transcriptionally influences Bsg25D and Disc in vitro 
 
GATA transcription factors have been demonstrated to recognise the consensus 
sequence WGATAR in the promoter region of genes they regulate (Merika and Orkin 
1993). In order to shed light on the potential role of GATA4 in mosquito ovaries, a 
search was carried out for genes primarily expressed in the ovaries which contained 
an over representation of GATA consensus sequences in their 5’ and 3’ flanking 
regions, and those with homologues of notable function in the ovaries were screened 
for interaction with GATA4. 
To find the presence of a possible correlation between GATA4 expression levels and 
those of the shortlisted genes (Table S1) with GATA recognition sequences, we used 
RNA interference. Using dsRNA specific to the coding region of GATA4, this gene was 
knocked down in the Aag2 cell line through transfection. This resulted in a 5-fold 
reduction in the transcript levels of GATA4 present in treated cells with respect to 
controls and untreated cells (Fig. 2A). Cells were then examined to determine the 
resulting effect on the potential GATA4 regulated genes using qRT-PCR. Of these, 
only Ae. aegypti predicted homologues of Bsg25D (AAEL018280) and Disc 
(AAEL002023), possessing GATA recognition sequences (Fig. S1), showed a 
response to GATA4 depletion, with all the other genes tested including zinc finger 
protein, inhibitor of growth protein (Ing1), Microtubule associated protein (tau) and E3 
ubiquitin ligase showing no change in transcriptional abundance (Fig. S2). 
Interestingly, both Bsg25D and Disc genes showed a significant upregulation in the 
levels of their transcripts in response to GATA4 depletion (Fig. 2B and 3C). In the case 
of Bsg25D, this upregulation was approximately 1.7-fold whereas in the case of Disc 
the increase was greater than 2-fold. The results suggest that most likely GATA4 
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negatively regulates expression of the two genes in the ovary either directly or 
indirectly. qRT-PCR analysis of different tissues of female mosquitoes confirmed that 
the two genes are mainly expressed in the ovaries (Fig. 3A and B). 
 
Figure 2: Silencing of GATA4 affects expression of Bsg25D and disc. (A) 
Confirmation of GATA4 silencing in Aag2 cells by qRT-PCR.  RNA extracted from 
Aag2 cells transfected with either transfection reagent only, dsRNA specific to GFP or 
the GATA4 gene. Transcript levels of (B) Bsg25D and (C) Disc in GATA4 silenced 
cells. Error bars represent SEM for three biological replicates. 
 
 
Figure 3: Tissue expression of Bsg25D and disc. qRT-PCR analyses of total RNA 
extracted from dissected adult mosquito tissues showing relative transcripts of (A) 
Bsg25D and (B) Disc mRNAs in adult mosquitoes 3 days post emergence. Error bars 
represent SEM of three biological replicates.  
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Bsg25D and Disc both appear to be suppressed by Wolbachia infection in 
mosquitoes 
We previously showed that GATA4 was highly induced in wMelPop-CLA Wolbachia-
infected Ae. aegypti “whole mosquitoes” and its derived cell line Aag2 (Hussain et al., 
2013). We therefore, endeavoured to determine if this inductive effect was present 
also in the ovaries. We dissected the ovaries of wMelPop-CLA infected adult 
mosquitoes at 4 days post emergence along with their tetracycline treated Wolbachia-
free counterparts, and extracted total RNA from them. We discovered that the upward 
trend in GATA4 transcription in response to Wolbachia infection also appears present 
in the ovaries (Fig. 4A), although in our dataset the result falls just short of a 95% C.I, 
p = 0.057. 
Given the negative correlation between the levels of GATA4 and both Disc and 
Bsg25D (Fig. 2B and C), we predicted that due to the induction of GATA4 by 
Wolbachia, we would observe a suppression of these genes in mosquitoes infected 
with Wolbachia. Total RNA samples were collected from 4-day post-emergence 
wMelPop-CLA infected and tetracycline treated uninfected mosquitoes and the levels 
of Bsg25D and Disc transcripts were measured. It is evident that in the presence of 
Wolbachia the transcript levels of Bsg25D are significantly reduced roughly 2-fold, 
whilst Disc transcripts also appear to be reduced showing a downward trend p = 0.068 
(Fig. 4B and C). This is consistent with the results above that expression of GATA4 is 
negatively correlated with the expression of Bsg25D and Disc. 
Subsequent to our observation that higher levels of GATA4 transcripts in Wolbachia-
infected mosquitoes were correlated with lower levels of Bsg25D and Disc, we aimed 
to determine whether GATA4 may be the cause of the reduction in the levels of both 
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these genes. For this, we cloned the GATA4 coding region fused with 2xFLAG as a 
tag in its 3’ end in the pSLFa expression vector under the mosquito’s ubiquitin 
promoter. Western blotting confirmed expression of the GATA4-FLAG protein in Aag2 
cells (Fig. 5A). We detected a significant reduction in the levels of Disc transcripts in 
response to overexpression of the GATA4 protein (Fig. 5B). However, we did not see 
a significant level of reduction with respect to Bsg25D compared with the FLAG 
containing vector control (Fig. 5C); despite this, the trend was towards a reduction p = 
0.14. These results suggest a potential inhibitory role for GATA4 in the ovaries in 
regulating Disc and Bsg25D genes.  
 
Figure 4: Effect of Wolbachia on expression of GATA4, Bsg25D and disc in Ae. 
aegypti ovaries. (A) qRT-PCR shows GATA4 transcripts in Wolbachia infected (Pop) 
and tetracycline cured (Tet) adult mosquito ovaries. Abundance of (B) Bsg25D and 
(C) Disc transcripts in Wolbachia-infected and non-infected adult mosquitoes 4 days 
post-emergence determined by qRT-PCR with error bars representing SEM of three 
biological replicates. 
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Figure 5: Effect of overexpression of GATA4 on Bsg25D and Disc expression. 
(A) Western blot of total protein lysate extracted from Aag2 cells transfected with either 
mock, a control pSLfa-FLAg plasmid or the GATA4 containing pSLfa plasmid. Blot was 
probed with anti-FLAG antibody. A non-specific band on the blot was used as loading 
control. Full-length gel images are displayed in Fig. S4. (B) qRT-PCR of RNA extracted 
from Aag2 cells subjected to overexpression of GATA4 as in (A) analyzing the 
transcription of Disc and (B) Bsg25D. Error bars represent SEM of three biological 
replicates. 
 
Wolbachia does not require GATA4 for its maintenance/replication 
We postulated that given GATA4 is induced by wMelPop-CLA, the endosymbiont may 
have an active role in upregulating the transcription factor in order to facilitate its 
maintenance in the host. To test this, we silenced the GATA4 transcription factor in 
wMelPop-CLA infected Aag2 cells to observe the effect this would have on Wolbachia 
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density. After extracting DNA from these cells, we saw no difference in the abundance 
of Wolbachia between the groups depleted of GATA4 transcripts and the two control 
groups (Fig. 6). This observation suggests that GATA4 is not required by Wolbachia 
for colonisation and it is therefore likely that its induction is a host-initiated response 
to infection. 
 
Figure 6:GATA4 silencing does not affect Wolbachia density. qRT-PCR detection 
of Wolbachia DNA copies using primers specific to the wsp gene from Aag2 cells 
infected with wMelPop-CLA and subjected to GATA4 knockdown. Error bars represent 
SEM of three biological replicates. Silencing of GATA4 was confirmed as shown in 
Fig. 2A. 
Disc knockdown in mosquitoes leads to a delay in egg hatching 
Given that Wolbachia infection seemingly suppresses the expression of Bsg25D and 
Disc in the ovaries which are both potentially involved in egg development, we 
hypothesised that this may be in part a contributory factor to the reduction in fecundity 
associated with Wolbachia infection (Caragata et al., 2014; McMeniman et al., 2009; 
Pimenta de Oliveira et al., 2017). In order to test this hypothesis, we injected adult 
mosquitoes with dsRNA specific to the transcripts of both of these genes alongside 
PBS and dsRNA specific to GFP as controls. Whilst this method worked well for the 
knockdown of the Disc gene (Fig. 7A), we were unable to significantly silence the 
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Bsg25D gene (Fig. S3); therefore, we continued our experiment with the Disc 
knockdown mosquitoes.  Mosquitoes injected with dsRNA were blood fed 24 hours 
post injection and a subset of mosquitoes were dissected 4 days post blood meal and 
mature ovarian follicles were counted. We observed no statistical difference between 
the treatment groups (Fig. 7B). All eggs laid by the remaining mosquitoes were then 
allowed to dry and kept for 2 weeks before being resubmerged to test emergence. The 
resulting emergence rate was determined by counting larvae that had emerged at 24 
hours post submergence and then again at 48 hours post submergence. It was 
determined that whilst there was no statistical difference in the emergence time 
between the eggs of dsGFP and PBS-injected mosquitoes and dsDisc (Fig. 7C and 
D), there was a significantly delayed emergence of those eggs laid by Disc knockdown 
mosquitoes such that there was a 1.6-fold reduction in emergence within the first 24 
hours. This likely suggests that the transcriptional abundance of the Disc gene during 
embryogenesis can impact developmental timing within the oocyte.  
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Figure 7: Silencing of the Disc gene in mosquitoes. (A) Confirmation of silencing 
of the Disc gene in mosquitoes was undertaken through qRT-PCR of total RNA 
extracted from mosquitoes 2 days post injection with dsRNA specific to the coding 
region of the transcript. Results showed a significant 10-fold reduction in the number 
of transcripts. Error bars represent SEM. (B) Average number of mature ovarian 
follicles between treatment groups were counted 4 days post blood meal. No 
significant differences were detected between treatments. Error bars represent SEM. 
Percentage of eggs hatched were measured for all treatment groups at 24 hours (C) 
and 48 (D) hours post submergence. Bars represent average hatch rates for each 
treatment. A binomial linear regression test showed a significant reduction in the 
number of eggs hatched for the eggs laid by Disc knockdown mosquitoes at 24 h but 
not at 48 h (P = 0.002). The data shown in this figure represents the combined results 
from three independent repeats of the experiment. 
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4.  Discussion 
The role of GATA binding proteins as versatile transcription factors has been well 
characterised in vertebrates and invertebrates, their characteristic zinc finger binding 
domains being at least 70% conserved across species, and they have been implicated 
in a vast range of developmental functions (Durocher et al., 1997; Gillio-Meina et al., 
2003; Lentjes et al., 2016; Park et al., 2006). These transcription factors have been 
demonstrated to be quite specifically expressed in particular tissues, notably GATA4 
in humans, most highly in the ovaries and testes (Viger et al., 1998), where it is thought 
to be involved in sex differentiation. Other studies have implicated GATA4 in 
embryogenesis in vertebrates (Molkentin et al., 1997). GATA4 also plays a crucial role 
in embryogenesis in Drosophila melanogaster (Boyer et al., 1987) and displays 
significant conservation at both the nucleotide and peptide levels in Ae. aegypti. In Ae. 
aegypti mosquitoes, GATA4 (GATAa) was previously identified as being 
translationally activated in the fat bodies by blood feeding, where it is responsible for 
the upregulation of vitellogenin which later accumulates in oocytes (Park et al., 2006). 
It has also been suggested that GATA4 mRNA is most highly expressed in the fat 
body; however, these results came from only semi-quantitative RT-PCR experiments 
(Park et al., 2006). Here, we show with qRT-PCR that GATA4 shows the highest level 
of expression in ovaries. It is also notable, that despite the clear and drastic 
upregulation of GATA4 transcripts in the fat body, no such inductive effect was 
observed in the ovarian tissue. These results imply a functional role for GATA4 in the 
ovaries which may be independent to its role in the fat body. 
Given that GATA4 is known to recognise the GATA motif (A/T)GATA(A/G), we 
screened the flanking regions 3000kb upstream and downstream of genes in the Ae. 
aegypti genome with known or predicted function in ovaries for GATA consensus 
 
46 
sequences. We then silenced the GATA4 transcription factor in the Aag2 cell line and 
measured the effects on transcriptional abundance for a shortlist of genes screened 
as putative targets that were found to be expressed in ovaries. It was determined that 
of the genes shortlisted, only Bsg25D and Disc growth factor were significantly 
modulated showing upregulation in response to GATA4 depletion. 
Both Bsg25D and Disc have homologs in D. melanogaster that have been 
demonstrated to be involved in development, and expressed primarily in the ovarian 
tissue (Boyer et al., 1987; Kawamura et al., 1999). In order to confirm that this is also 
the case for Ae. aegypti, we tested the presence of the mRNA transcripts of these 
genes across midgut, salivary glands, fat body, ovary, and muscle tissues. Predictably, 
the transcripts for these genes were only reliably detected in mosquito ovaries. Given 
the spatial expression of these two genes as well as their sequence and peptide 
similarity, it is seemingly reasonable to infer that they are in fact functional homologues 
to their D. melanogaster counterparts and thus retain a somewhat conserved role in 
mosquitoes. 
The role of a GATA transcription factor as a translational repressor in mosquitoes is 
not altogether novel. It was demonstrated previously that the AaGATAr transcription 
factor acts as a repressor of yolk protein precursor (YPP) genes within Ae. aegypti fat 
body (Martin et al., 2001). Other zinc finger proteins have also been implicated in 
repressing key genes involved in embryogenesis (Nakamura et al., 2004). Here, it 
seems GATA4 may be playing a similar role in repressing Bsg25D and Disc in Ae. 
aegypti ovaries which may influence developmental timing, although this needs to be 
experimentally tested.  
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It has previously been reported that GATA4 is highly induced by Wolbachia infection 
in Ae. aegypti mosquitoes (Hussain et al., 2013), it is therefore not surprising that we 
also found a significant reduction in the expression of Bsg25D. A trend of reduction 
(possessing a lower confidence interval of 90%), was also observed with respect to 
Disc transcripts in Wolbachia infected mosquitoes. The impact of Wolbachia infection 
on mosquitoes has been demonstrated to extend to the arthropods ability to 
reproduce, with a notable reduction in mosquito fecundity associated with the 
presence of the endosymbiont (McMeniman et al., 2011), although this reduction is 
less pronounced if the blood meal is of human origin. It is also apparent that Wolbachia 
infection delays developmental progression of infected larvae (Ross et al., 2014). It 
follows, therefore, that one such contributor to this phenomenon may be the induction 
of GATA4 in the ovaries and its ability to transcriptionally repress Bsg25D and Disc, 
which if their homology is anything to go by, may very well be components of egg 
development. While knocking down Disc expression had no impact on the mosquitoes’ 
total production of mature ovarian follicles by number, interestingly those eggs laid by 
Disc suppressed mosquitoes were significantly delayed in hatching. This 
developmental delay is not unlike the phenotype observed in Wolbachia infected eggs. 
The reduced availability of resources associated with Wolbachia infection may trigger 
such a response in mosquitoes, as it does not appear to be directly required by 
Wolbachia. Further evidence for the role of GATA4 as a response to stress is the 
observation by (Sim and Dimopoulos 2010b) that heat inactivated DENV drastically 
induced the transcriptional abundance of the transcription factor. Given our 
observation that silencing the GATA4 transcription factor does not negatively influence 
Wolbachia density, it would seem unlikely that the endosymbiont would play an active 
role in inducing it. It must be noted however, that the experiments conducted here 
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were limited to the Aag2 cells infected with wMelPop, and suppression of GATA4 in 
mosquitoes may have auxiliary and detrimental effects on Wolbachia that are not 
evident in the cell line model.  
Taken together our findings suggest a negative regulatory relationship between the 
transcription factor GATA4 and the Bsg25D and Disc genes in the ovaries. 
Considering that GATA4 appears to be a transcriptional repressor of these genes, we 
also speculate that this may be the mechanism by which the two genes are 
downregulated in the presence of Wolbachia since Wolbachia appears to induce 
GATA4 in the ovaries. 
 
5.  Experimental procedures 
Mosquitoes and cell lines 
Aag2 and Aag2-wMelPop cells were maintained in a medium composed of 40% 
Schneider’s Drosophila medium (Invitrogen), 40% Mitsuhashi-Maramorosch medium, 
and 10% fetal bovine serum (Bovogen, Vic, Australia) and maintained at 27°C. All the 
mosquito RNA samples used in this study from Ae. aegypti mosquitoes infected with 
wMelPop-CLA strain of Wolbachia (Pop), and uninfected mosquitoes which were 
produced by tetracycline (Tet) treatment, had been previously generated and stored 
at -80ºC (Mayoral et al., 2014b). 
Mosquitoes were maintained on a 10% sucrose diet when not being blood-fed. Blood-
fed mosquitoes were fed through an artificial apparatus using human blood donated 
by Red Cross Australia which was ineligible for human use.  
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RNA interference for gene silencing 
Double stranded RNA specific to the GATA4 transcript was generated using the 
MEGAscript T7 Transcription kit (Ambion, CA, U.S.A) and transfected into Aag2 cells 
according to the manufacturer’s instructions. Cells were transfected in 12-well plates 
containing approximately 3x105 cells per well. In order for transfections to achieve 
optimal efficiency, 10 µl of Cellfectin II (Invitrogen) reagent was used in conjunction 
with 1 µg of dsRNA per well. Control wells included cells transfected with only 
Cellfectin II as well as cells transfected with dsRNA specific to GFP. All treatments 
were conducted in triplicates.  
Three-day old mosquitoes were anaesthetised using 4oC and injected intrathoracically 
with 400 ng of dsRNA. 
Over-expression of GATA4 using pSLfa and Western blotting 
Primers were designed to amplify the full-length sequence of the GATA4 coding region 
with the exception of the stop codon which was replaced with 2XFLAG tag sequence, 
and a Kozack “ACC” sequence added immediately upstream of the “ATG” start codon 
(Table S2). The primers also contained restriction recognition sequences for NotI and 
NcoI for direct cloning into pSLFa vector under the ubiquitin promoter (Addgene, MA, 
U.S.A). After confirmation of cloning with sequencing in both directions, the resulting 
plasmid was transfected into 3X105 Aag2 cells in a 12-well plate using Effectene 
(Qiagen).  
Total protein lysates from these cells were collected by washing with cold PBS on ice 
and then lysing using radioimmunoprecipitation assay (RIPA) buffer (Invitrogen) with 
gentle agitation at 4°C for 30 mins. Samples were run on a NuPAGE-MES gel 
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(Invitrogen) according to the manufacturer’s instructions and transferred to a 
nitrocellulose membrane. The resulting blot was probed with the monoclonal anti-
FLAG antiserum (SIGMA) in accordance with the manufacturer’s instructions.     
RNA extraction and qRT-PCR 
RNA was extracted from cells 72h post transfection using QIAzol (QIAGEN) and cDNA 
was generated using Superscript III Reverse Transcriptase (Invitrogen) and a poly-dT 
reverse primer. Gene specific primers (Table S2) were then used in Quantifast SYBR 
qRT-PCR (Qiagen) to test the transcript levels of selected candidate genes. For each 
sample, three biological replicates each with three technical replicates were analysed 
in a Rotor-Gene thermal cycler (QIAGEN) under the following conditions: 95˚C for 5 
mins, and 40 cycles of 95˚C for 10 s, 60˚C for 15 s and 72°C for 20 s, followed by the 
melting curve (68˚C to 95˚C). Ribosomal protein S17 ( RPS17) transcript levels were 
used as reference.  
Statistical analyses 
Experiments that produced three or more treatment groups were analysed using one-
way ANOVA tests using Prism (Graphpad Software, CA, U.S.A) to determine 
statistical significance of any variation in the mean threshold cycle (CT) values 
followed by Tukey multiple comparison tests. For those experiments in which only two 
sample groups were generated an unpaired two-way t-tests were performed using 
Prism. P-values consistent with a 95% confidence interval were considered significant. 
For egg hatching experiments, a binomial linear regression analysis was performed 
with emergence equalling “success” and non-emergence equalling “failed”. Given the 
experiment was repeated several times over the course of many weeks the time of 
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experiment was considered as a separate “random” effect. Upper and lower SEM 
values are given in the Logit scale.  
Putative target selection 
The web-based tool RSAT metazoan available online at (http://rsat.sb-roscoff.eu/) was 
used to analyse the regions 3kb upstream and downstream of open reading frame in 
the Ae. aegypti genome. Genes which showed a significant over-representation of the 
WGATAR binding motif and were known or predicted based on homology to have a 
wide ranging biological significance or be expressed in the ovaries were selected for 
subsequent analyses. 
Acknowledgments 
We are thankful to Prof Scott O’Neill from Monash University for providing wMelPop 
and tetracycline cured mosquitoes, and Dr Simon Blomberg from the University of 
Queensland for his assistance in statistical analysis of hatch rates. This work was 
supported by a National Health and Medical Research Council (APP1062983) to 
S.Asgari. 
 
  
 
52 
6.  References 
Alexandrov, I.D., Alexandrova, M.V., Goryacheva, II, Rochina, N.V., Shaikevich, E.V. 
and Zakharov, I.A. (2007) Removing endosymbiotic Wolbachia specifically 
decreases lifespan of females and competitiveness in a laboratory strain of 
Drosophila melanogaster. Genetika 43: 1372-1378. 
Beckmann, J.F., Markowski, T.W., Witthuhn, B.A. and Fallon, A.M. (2013) Detection 
of the Wolbachia-encoded DNA binding protein, HU beta, in mosquito gonads. 
Insect Biochem Mol Biol 43: 272-279. 
Bodmer, R. and Venkatesh, T.V. (1998) Heart development in Drosophila and 
vertebrates: Conservation of molecular mechanisms. Dev Genet 22: 181-186. 
Bourtzis, K. and O'Neill, S. (1998) Wolbachia infections and arthropod reproduction - 
Wolbachia can cause cytoplasmic incompatibility, parthenogenesis, and 
feminization in many arthropods. Bioscience 48: 287-293. 
Boyer, P.D., Mahoney, P.A. and Lengyel, J.A. (1987) Molecular characterization of 
bsg25D: a blastoderm-specific locus of Drosophila melanogaster. Nucleic Acids 
Res 15: 2309-2325. 
Caragata, E.P., Rances, E., O'Neill, S.L. and McGraw, E.A. (2014) Competition for 
amino acids between Wolbachia and the mosquito host, Aedes aegypti. Microb 
Ecol 67: 205-218. 
Cheng, Q., Ruel, T.D., Zhou, W., Moloo, S.K., Majiwa, P., O'Neill, S.L. et al. (2000) 
Tissue distribution and prevalence of Wolbachia infections in tsetse flies, 
Glossina spp. Med Vet Entomol 14: 44-50. 
Coon, K.L., Brown, M.R. and Strand, M.R. (2016) Mosquitoes host communities of 
bacteria that are essential for development but vary greatly between local 
habitats. Mol Ecol 25: 5806-5826. 
Durocher, D., Charron, F., Schwartz, R.J., Warren, R. and Nemer, M. (1997) The 
cardiac transcription factors Nkx2-5 and GATA-4 are mutual cofactors. EMBO J 
16: 5687-5696. 
Evans, T. (1997) Regulation of cardiac gene expression by GATA-4/5/6. Trends 
Cardiovasc Med 7: 75-83. 
Fry, A.J., Palmer, M.R. and Rand, D.M. (2004) Variable fitness effects of Wolbachia 
infection in Drosophila melanogaster. Heredity 93: 379-389. 
Gillio-Meina, C., Hui, Y.Y. and LaVoie, H.A. (2003) GATA-4 and GATA-6 transcription 
factors: Expression, immunohistochemical localization, and possible function in 
the porcine ovary. Biol Reprod 68: 412-422. 
Glaser, R.L. and Meola, M.A. (2010) The native Wolbachia endosymbionts of 
Drosophila melanogaster and Culex quinquefasciatus increase host resistance 
to West Nile virus infection. PLoS One 5: e11977. 
 
53 
Hilgenboecker, K., Hammerstein, P., Schlattmann, P., Telschow, A. and Werren, J.H. 
(2008) How many species are infected with Wolbachia? - a statistical analysis of 
current data. FEMS Microbiol Lett 281: 215-220. 
Hughes, G.L., Koga, R., Xue, P., Fukatsu, T. and Rasgon, J.L. (2011) Wolbachia 
infections are virulent and inhibit the human malaria parasite Plasmodium 
falciparum in Anopheles gambiae. PLoS Pathog 7: e1002043. 
Hussain, M., Lu, G.J., Torres, S., Edmonds, J.H., Kay, B.H., Khromykh, A.A. et al. 
(2013) Effect of Wolbachia on replication of West Nile virus in a mosquito cell 
line and adult mosquitoes. J Virol 87: 851-858. 
Jiang, W.B., Zhu, J.Q., Chen, M.H., Yang, Q.C., Du, X., Chen, S.Y. et al. (2014) 
Wolbachia infection status and genetic structure in natural populations of 
Polytremis nascens (Lepidoptera: Hesperiidae). Infect Genet Evo 27: 202-211. 
Jiggins, F.M., Bentley, J.K., Majerus, M.E.N. and Hurst, G.D.D. (2001) How many 
species are infected with Wolbachia? Cryptic sex ratio distorters revealed to be 
common by intensive sampling. Proc Biol Sci 268: 1123-1126. 
Kambris, Z., Cook, P.E., Phuc, H.K. and Sinkins, S.P. (2009) Immune activation by 
life-shortening Wolbachia and reduced filarial competence in mosquitoes. 
Science 326: 134-136. 
Kawamura, K., Shibata, T., Saget, O., Peel, D. and Peter, J. (1999) A new family of 
growth factors produced by the fat body and active on Drosophila imaginal disc 
cells. Development 126: 211-219. 
Lentjes, M., Niessen, H.E.C., Akiyama, Y., De Bruine, A.P., Melotte, V. and Van 
Engeland, M. (2016) The emerging role of GATA transcription factors in 
development and disease. Expert Rev Mol Med 18: e3. 
Martin, D., Piulachs, M.D. and Raikhel, A.S. (2001) A novel GATA factor 
transcriptionally represses yolk protein precursor genes in the mosquito Aedes 
aegypti via interaction with the CtBP corepressor. Mol Cell Biol 21: 164-174. 
Mayoral, J.G., Hussain, M., Joubert, D.A., Iturbe-Ormaetxe, I., O’Neill, S.L. and Asgari, 
S. (2014) Wolbachia small non-coding RNAs and their role in cross-kingdom 
communications. Proc Natl Acad Sci USA 111: 18721-18726. 
McMeniman, C.J., Hughes, G.L. and O'Neill, S.L. (2011) A Wolbachia symbiont in 
Aedes aegypti disrupts mosquito egg development to a greater extent when 
mosquitoes feed on nonhuman versus human blood. J Med Entomol 48: 76-84. 
McMeniman, C.J., Lane, R.V., Cass, B.N., Fong, A.W.C., Sidhu, M., Wang, Y.-F. et al. 
(2009) Stable introduction of a life-shortening Wolbachia infection into the 
mosquito Aedes aegypti. Science 323: 141-144. 
Merika, M. and Orkin, S.H. (1993) DNA-binding specificity of GATA family 
transcrtiption factors. Mol Cell Biol 13: 3999-4010. 
 
54 
Molkentin, J.D. (2000) The zinc finger-containing transcription factors GATA-4,-5, and-
6 - Ubiquitously expressed regulators of tissue-specific gene expression. J Biol 
Chem 275: 38949-38952. 
Molkentin, J.D., Lin, Q., Duncan, S.A. and Olson, E.N. (1997) Requirement of the 
transcription factor GATA4 for heart tube formation and ventral morphogenesis. 
Genes Dev 11: 1061-72. 
Moreira, L.A., Iturbe-Ormaetxe, I., Jeffery, J.A., Lu, G.J., Pyke, A.T., Hedges, L.M. et 
al. (2009) A Wolbachia symbiont in Aedes aegypti limits infection with Dengue, 
Chikungunya, and Plasmodium. Cell 139: 1268-1278. 
Nakamura, M., Runko, A.P. and Sagerstrom, C.G. (2004) A novel subfamily of zinc 
finger genes involved in embryonic development. J Cell Biochem 93: 887-895. 
Nguyen, T.H., Le Nguyen, H., Nguyen, T.Y., Vu, S.N., Tran, N.D., Le, T.N. et al. (2015) 
Field evaluation of the establishment potential of wMelPop Wolbachia in 
Australia and Vietnam for dengue control. Parasites Vectors 8: 563. 
Park, J.H., Attardo, G.M., Hansen, I.A. and Raikhel, A.S. (2006) GATA factor 
translation is the final downstream step in the amino acid/target-of-rapamycin-
mediated vitellogenin gene expression in the anautogenous mosquito Aedes 
aegypti. J Biol Chem 281: 11167-11176. 
Pimenta de Oliveira, S., Dantas de Oliveira, C., Viana Sant'Anna, M.R., Carneiro 
Dutra, H.L., Caragata, E.P. and Moreira, L.A. (2017) Wolbachia infection in 
Aedes aegypti mosquitoes alters blood meal excretion and delays oviposition 
without affecting trypsin activity. Insect Biochem Mol Biol 87: 65-74. 
Rancès, E., Ye, Y.H., Woolfit, M., McGraw, E.A. and O'Neill, S.L. (2012) The relative 
importance of innate immune priming in Wolbachia-mediated dengue 
interference. PLoS Pathog 8: e1002548. 
Ross, P.A., Endersby, N.M., Yeap, H.L. and Hoffmann, A.A. (2014) Larval competition 
extends developmental time and decreases adult size of wMelPop Wolbachia-
infected Aedes aegypti. Am J Trop Med Hyg 91: 198-205. 
Sim, S. and Dimopoulos, G. (2010) Dengue virus inhibits immune responses in Aedes 
aegypti cells. PLoS One 5: e10678. 
Viger, R.S., Mertineit, C., Trasler, J.M. and Nemer, M. (1998) Transcription factor 
GATA-4 is expressed in a sexually dimorphic pattern during mouse gonadal 
development and is a potent activator of the Mullerian inhibiting substance 
promoter. Development 125: 2665-2675. 
Watt, A.J., Zhao, R., Li, J.X. and Duncan, S.A. (2007) Development of the mammalian 
liver and ventral pancreas is dependent on GATA4. BMC Dev Biol 7: 37. 
Werren, J.H., Baldo, L. and Clark, M.E. (2008) Wolbachia: master manipulators of 
invertebrate biology. Nat Rev Micriobiol 6: 741-751. 
 
55 
Werren, J.H., Windsor, D. and Guo, L.R. (1995) Distribution of Wolbachia among 
neotropical arthropods. Proc Biol Sci 262: 197-204. 
  
 
56 
7.  Supplementary information 
 
Fig. S1. Upstream sequences of the coding regions for Bsg25D and Disc, with 
WGATAR recognition motif (in red). 
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Fig. S2. Effect pf silencing GATA4 on (A) mitogen-activated protein kinase (MAPK), 
(B) inhibitor of growth protein (ing1), (C) microtubule associated protein (tau), and (D) 
E3 ubiquitin ligase. Error bars represent SEM for three biological replicates.  
 
 
 
Fig. S3 Attempts to silence dsBsg25D in mosquitoes by injection of dsRNA were not 
successful. Error bars represent SEM for three biological replicates. 
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Fig. S4. Original images of the blots shown in Fig. 5A. (A) The blot was first probed 
with the anti-FLAG antibody, and (B) subsequently probed with an anti-glyceraldehyde 
3-phosphate dehydrogenase (GADPH) antibody. As multiple bands cross-reacted with 
the antibody, the strongest cross-reacting band was selected and shown to ensure the 
integrity of protein samples.    
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Table S1: A shortlist of genes with potential GATA4 binding sites in their 5’ and 3’ 
flanking regions.  
Gene Sequence ID. Gene name/function 
AAEL012206 Microtubule associated protein (tau) 
AAEL010256 E3 ubiquitin ligase 
AAEL014034 Zinc finger protein 
AAEL003650 Inhibitor of growth protein (ing1) 
AAEL018280 Blastoderm specific protein 25d 
AAEL002023 Imaginal disc growth factor (Disc) 
 
 
 
Table S2: Primer sequences used in this study. 
Primers 
BSG25d qF AACGACCTATCTGCGGAATG 
BSG25d qR CTGCCGATTGAGGAGTGTTT 
Disc qF CGGCGATAGCGTTTTGGATG 
Disc qR GGCGGCAATGTTGACAAAGT 
GATA4 qF GCTCATCGGGTCGACGGCCT 
GATA4 qR TGCTTCTCCTCGGTGGTGCG 
GATA4 RNAiF TAATACGACTCACTATAGGGGCAGCATAGCGATAACAGCA 
GATA4 RNAiR TAATACGACTCACTATAGGGAACTGTTGAACGACGGTTCC 
GATA4_NcoI_F TACCATGGACCATGGCGGACGGGACCGATTCTACG 
GATA_FLAG_NotI_R 
FLAG-tag underlined 
TAGCGGCCGCCTACTTGTCGTCATCGTCTTTGTAGTCCTTGTCG
TCATCGTCTTTGTAGTCGCTCGACATGGAAACCACAGTTGG 
Rps17 qF CACTCCCAGGTCCGTGGTAT 
Rps17 qR GGACACTTCCGGCACGTAGT 
 
 
 
60 
 
 
 
 
 
 
Chapter 3 : The role of microRNA miR-309 in regulation of 
GATA4 in Aedes aegypti 
(Presented as a manuscript under review) 
Solomon Osei-Amo, Sultan Asad, Sassan Asgari* 
 
 
61 
Chapter 3: The role of microRNA miR-309 in regulation of 
GATA4 in Aedes aegypti 
 
Solomon Osei-Amo, Sultan Asad, Sassan Asgari* 
 
Australian Infectious Disease Research Centre, School of Biological Sciences, The 
University of Queensland, Brisbane QLD 4072 Australia 
 
 
*Corresponding Author; Sassan Asgari, email: s.asgari@uq.edu.au 
 
 
Running title: miR-309a up-regulates GATA4 in Aedes aegypti 
 
 
 
 
 
 
 
 
 
62 
1.  Abstract 
The role of microRNAs (miRNAs) as key regulators of gene expression across most 
eukaryotes is now well established. Between 19 and 24 nucleotides long, these non-
coding RNAs have been determined to play a crucial role in development, cellular 
networking, and cross-kingdom communications between hosts and pathogens. 
Despite their importance, little is known about the specific targets of many miRNAs in 
insects, in particular Aedes aegypti, the primary vector for arboviruses such as dengue 
virus (DENV). We aimed to determine whether the important developmental 
transcription factor GATA4 was under the regulatory control of miRNAs in Ae. aegypti 
and discovered the ovary-specific aae-miR-309a-3p to be responsible for its 
upregulation. Additionally, we determined that DENV suppresses aae-miR-309a-3p 
and GATA4, and the suppression of GATA4 aids in its replication. 
Keywords: microRNA; GATA4; Aedes aegypti; dengue virus 
 
2.  Introduction 
Ranging from 19 to 24 nucleotides long, microRNAs (miRNAs) have been credited 
with an ever-expanding list of roles in regulating transcriptional expression of genes 
through interactions with mRNAs (Ambros 2004; Bartel and Chen 2004; Gurtan and 
Sharp 2013). In eukaryotes, they have been associated with a vast array of 
developmental functions and disease responses in addition to host-pathogen 
interactions and cellular networking (Berretta and Morillon 2009; LaMonte et al., 2012; 
Lu et al., 2005; Zhang et al., 2013a). The role of individual miRNAs in fine-tuning gene 
expression is hence an ever-expanding field of study in eukaryotic gene expression. 
Despite this, the details of these interactions in insects remain largely unexplored, 
especially with respect to the specific targets of individual miRNAs and their tissue 
tropism. It has been inferred, however, that a large proportion of miRNA targets would 
themselves be transcriptional regulators (Gosline et al., 2016; Naeem et al., 2011), 
often involved in development (Xu et al., 2009).  
In the case of the mosquito Aedes aegypti, there have been relatively few reports as 
to the role miRNAs may play in regulating key developmental and reproductive 
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processes. Among these are aae-miR-277, which has been shown to influence lipid 
metabolism and reproduction, and aae-miR-275 which has been implicated in proper 
gut function (Ling et al., 2017; Zhao et al., 2017). The clinical significance of Ae. 
aegypti as the primary vector for arboviruses such as dengue virus (DENV), Zika virus 
(ZIKV), West Nile virus (WNV), and several others (Calvez et al., 2017; Richard et al., 
2016; Vega-Rua et al., 2014), presents reason enough to address this gap in 
knowledge as a means of better understanding its biology. One transcription factor, 
GATA4, has been demonstrated to drive biological functions in vitellogenesis, 
autogeny and egg development (Attardo et al., 2003; Martin et al., 2001; Osei-Amo et 
al., 2018; Park et al., 2006); it therefore may be consequential in influencing the 
fecundity of this important vector. There have even been suggestions of basal 
housekeeping and immunity related functions of GATA transcription factors in 
mosquitoes (Cheon et al., 2006; Dittmer and Raikhel 1997). The GATA family of 
transcription factors has been demonstrated to orchestrate a gamut of developmental 
processes in a tissue-specific fashion including heart development, liver formation, 
and gonad differentiation in mammals (Evans 1997; Viger et al., 1998; Watt et al., 
2007). It is thus not unreasonable to suppose that they may play additional roles in 
mosquito development and immunity that are not yet characterised. Perhaps more 
evidence to this is the fact that GATA4 has been demonstrated to have involvement 
in both flavivirus interactions and Wolbachia infection in Ae. aegypti (Hussain et al., 
2013; Sim and Dimopoulos 2010a). It is of particular interest that this transcription 
factor is induced both in response to infection with Wolbachia and UV-inactivated 
DENV.  
Guided by recent observations that GATA4 is largely expressed in the ovaries of Ae. 
aegypti mosquitoes (Osei-Amo et al., 2018), we aimed to determine whether this 
versatile transcription factor might be under the regulatory influence of ovarian 
miRNAs. We also wondered as to the implications this may have for DENV infection 
of Ae. aegypti given the suggestions that the virus may have a role in GATA4 
suppression. Our findings indicate that the ovary-specific aae-miR-309a-3p is likely 
involved in inducing GATA4 expression and that both genes are supressed by DENV.  
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3.  Results 
GATA4 is transcriptionally inhibited by Ago1 knockdown and induced by aae-
miR-309a-3p mimic 
A substantial portion of the role miRNAs play in fine-tuning gene expression is 
understood to be targeted towards transcription factors. In order to determine whether 
GATA4 may be under the regulatory influence of any miRNAs, Argonaut 1 (Ago1), one 
of the key proteins involved in miRNA biogenesis, was silenced by RNA interference 
in the Ae. aegypti Aag2 cell line (Fig. 1A) and the transcript levels of GATA4 were 
measured. Interestingly, the abundance of GATA4 mRNA was significantly reduced 
by roughly 1.5-fold in Ago1-silenced cells (Fig. 1B), suggesting potential miRNA 
involvement. Given that Ago1 is the primarily vehicle for miRNA-target loading in Ae. 
aegypti, this result suggests a potential positive regulatory role for GATA4 by miRNAs. 
 
Figure 1: Ago1 knock-down suppresses GATA4 expression. Subsequent to the 
depletion of Ago1 transcripts via dsRNA transfection, the transcriptional abundance of 
GATA4 was determined using RT-qPCR on RNA collected 120 hours after initial 
transfection and 72 hours after secondary transfection. Results showed that Ago1 was 
significantly knocked down (A), and also GATA4 was significantly suppressed in 
response (B). Error bars represent standard error of mean (SEM) for three biological 
replicates. *, p<0.05; **, p<0.01. Each biological replicate is a separate pool of cultured 
cells. 
Conserved mosquito miRNAs aae-miR-309a-3p and miR-989 display tissue-
specific expression in the ovaries  
Considering GATA4 is highly expressed in the ovarian tissue (Osei-Amo et al., 2018), 
we predicted that it might be under the regulatory influence of ovary-specific miRNAs. 
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Previous studies have implicated both miR-989 and aae-miR-309 as being largely 
ovary-specific (Mead and Tu 2008; Zhang et al., 2016). Here, we aimed to confirm this 
for our mosquito population using small RNA purified from adult mosquito salivary 
gland, midgut, muscle, fat body, Malpighian tubule, and ovary. miRNA-specific RT-
qPCR was performed on both aae-miR-309 and aae-miR-989. aae-miR-309 appeared 
to be largely absent (amplification value of 0) from all but the ovarian tissue, whilst 
aae-miR-989 showed 10-fold greater expression in ovaries than any other tissue 
confirming that these miRNAs are predominantly expressed (particularly aae-miR-
309) in the ovaries within our lab cultivated population of non-blood fed mosquitoes 
(Fig. 2). Zhang et al. recently demonstrated that aae-miR-309a-3p is present in the 
ovaries and not expressed in the midgut, Malpighian tubules or the fat body (Zhang et 
al., 2016), which is consistent with our results. Additionally, the sequences of these 
miRNAs were screened using the in silico tool RNAhybrid to determine whether either 
of them contained putative binding sites in the GATA4 mRNA. Both miRNAs showed 
multiple candidate binding sites that were located in the 3’ UTR, in the case of aae-
miR-989, and in the open reading frame, in the case of aae-miR-309a-3p. 
 
Figure 2: Tissue tropisms of aae-miR-309a-3p and aae-miR-989. Analyses of RNA 
extracted from dissected Ae. aegypti tissues via RT-qPCR indicated that both aae-
miR-309a-3p (A), and aae-miR-989 (B) showed a high abundance in the ovaries, but 
were absent from other tissues tested. Adult female mosquitoes were dissected four 
days post emergence and error bars represent SEM from three biological replicates. 
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To determine whether either of these miRNAs might be involved in the regulation of 
GATA4, we transfected the mimics of both miRNAs into the Aag2 cell line and 
measured the effect on GATA4 transcription. It was determined that whilst aae-miR-
989 had a relatively weak impact on GATA4 transcripts, the effect was not significant 
(Fig. 3A). Conversely, the aae-miR-309a-3p mimic showed a significant impact on 
GATA4 transcript levels, enhancing them by 1.5-fold when compared to a negative 
control scramble sequence (Fig. 3B). In contrast with the negative control, the results 
suggest that GATA4 is positively regulated by aae-miR-309a-3p. This is consistent 
with the previous observation that silencing Ago1 reduces GATA4 transcript levels 
(Fig. 1). 
 
Figure 3: The effect of aae-miR-989 and aae-miR-309a-3p on GATA4. The exact 
sequence mimics of aae-miR-989 and aae-miR-309a-3p were each transfected into 
Aag2 cells and total RNA was collected 72 h post-transfection. Analysis of the levels 
of GATA4 transcripts in response to miRNA over-abundance changed relatively little 
in the case of aae-miR-989 (A), but trended downward. In response to the transfection 
of aae-miR-309a-3p however, GATA transcripts were significantly upregulated by 
approximately 1.5-fold (B). Error bars represent SEM from three biological replicates. 
*, p<0.05; n.s, not significant. 
 
Silencing Homeobox SIX4 has no effect on the transcription of GATA4 
A recent result by Zhang et al. showed the transcription factor Homeobox SIX4 (SIX4) 
to be a major target of aae-miR-309a-3p (Zhang et al., 2016). This was in conjunction 
with their supplementary data that aae-miR-309a-3p depletion reduces GATA4 by 2.5-
fold. The co-variance of HomeboxSIX4 and GATA4 led us to investigate whether these 
two phenomena were linked directly. To do this, we transcriptionally silenced SIX4 in 
the Aag2 cell line and measured the response of GATA4. Having achieved a roughly 
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two-fold reduction in SIX4 transcripts, we determined that despite the successful 
silencing of SIX4 there was no observable effect on the transcript levels of GATA4. 
This likely suggests that aae-miR-309’s effect on GATA4 is not due to its 
transcriptional impact on the SIX4 gene (Fig. 4). 
 
Figure 4: Silencing Homeobox SIX4 has no effect on GATA4. Using dsRNA 
specific to SIX4, we knocked down its transcriptional levels. RNA was collected 120 h 
post-initial transfection and 72 h post-secondary transfection of the dsRNA. The result 
showed SIX4 to be significantly knocked down (A), and GATA4 to be unaffected by 
this silencing (B). Error bars represent SEM from three biological replicates. *, p<0.05; 
n.s, not significant. 
 
Direct interaction of GATA4 miRNA with aae-miR-309a-3p 
In light of the result that showed that aae-miR-309’s previously demonstrated targets 
are not responsible for its impact on the transcription factor GATA4, we investigated 
the possibility of a direct interaction between aae-miR-309a-3p and GATA4 mRNA. 
The coding region of GATA4 contains three potential miRNA binding sites for aae-
miR-309a-3p as predicted by RNAHybrid, which we refer to as TS1, TS2, and TS3 
(Fig. S1A). Only one of the target sites (TS3) possesses complete seed region 
(nucleotide 2-8 from the 5’ end of the miRNA) complementarity, in addition to a 
minimum free energy (mfe) of -24 kcal/mol as well as two bulges, typifying a target site 
for miRNAs. We cloned all the three target sites in the pIZ plasmid vector downstream 
of the coding sequence for Green fluorescent protein (GFP). These plasmid vectors 
were then transfected into the Sf9 cell line, which does not contain an endogenous 
miR-309. We then quantified the transcripts of GFP produced in response to 
transfection with each plasmid together with aae-miR-309a-3p mimic, a scramble 
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control mimic or the vector alone. This quantification was performed using RT-qPCR. 
We observed no effect of aae-miR-309a-3p on either of the two predicted binding sites 
that did not possess complete seed region complementarity (TS1 and TS2) (Fig. 5A 
and B). It was evident, however, that aae-miR-309a-3p mimics significantly increased 
the transcript production of GFP from the plasmid which contained perfect seed region 
complementarity (TS3) for the predicted binding site for this miRNA (Fig. 5C). 
Given that only TS3 demonstrated an interaction with the transcript of GATA4, we 
decided to investigate the importance of the seed regions’ complementarity with the 
transcript. In order to achieve this, we generated a mutant version of aae-miR-309 that 
contained two substitutions in its seed region, one at nucleotide 3 and one at 
nucleotide 4 (Fig. S1B). We then proceeded to repeat the transfection of the pIZ 
plasmid containing the GATA4 target site into Sf9 cells. We subsequently transfected 
these cells with the mutant mimic of aae-miR-309a-3p alongside a control scramble 
sequence. We observed a slight increase in the level of GFP transcripts produced by 
the plasmid in the cells transfected with the mutant mimic and this was significant when 
compared to the cells transfected with only the pIZ plasmid (Fig. 5D). The effects, 
however, were not significant compared to the scramble sequence control and were 
overall less than those observed from the wild type miRNA (Fig. 5D). These results 
suggest that the seed region of aae-miR-309a-3p alone does not explain the entirety 
of its binding affinity with the GATA4 transcript, and the coding region of the GATA4 
transcript interacts with aae-miR-309a-3p, positively. This interaction explains their 
positive association both in vivo and in vitro. 
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Figure 5: aae-miR-309 interacts directly with the GATA4 open reading frame. 
Three putative target sites predicted by RNAhybrid (TS1, TS2, and TS3) within the 
GATA4 mRNA were cloned into the pIZ expression vector downstream of GFP. These 
target sites were transfected into Sf9 cells individually alongside aae-miR-309a-3p 
mimic. Transcripts of GFP were subsequently measured through RT-qPCR which 
revealed no impact on either TS1 (A) or TS2 (B). This was in contrast to the TS3, 
which showed a significant 1.5-fold increase in GFP reporter transcripts when co-
transfected with aae-miR-309a-3p as compared to the scramble control mimic (C). 
The TS3 construct was then co-transfected with a mutant aae-miR-309a-3p that 
contained two substitutions in the seed region (Fig. S1B). RT-qPCR showed that whilst 
this caused a slight upward trend in GFP transcripts, the induction was not significant 
(D). Error bars represent SEM from three biological replicates. *, p<0.05; **, p<0.01; 
n.s, not significant. 
aae-miR-309a-3p is supressed by DENV in mosquito ovaries 
A recent observation that ZIKV suppressed aae-miR-309a-3p (Saldana et al., 2017), 
and given our discovery of GATA4’s association with aae-miR-309a-3p and a previous 
report that DENV suppresses GATA4 (Sim and Dimopoulos 2010a), we considered 
examining the possibility that DENV may also suppress aae-miRNA-309a-3p. Ae. 
aegypti mosquitoes at four days post-emergence were injected with either PBS or 
DENV and collected 6 and 12 days post-injection to allow the virus to disseminate 
throughout various tissues. We dissected these animals and extracted RNA from 
ovaries to determine whether levels of aae-miR-309a-3p changed in response to 
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DENV. Interestingly, RT-qPCR results showed that DENV infection led to significantly 
reduced abundance of aae-miR-309a-3p in mosquitoes 6 days post-infection (Fig. 6A). 
However, this suppressive effect on the miRNA was ameliorated by day 12 (Fig. 6B). 
We also measured the levels of aae-miR-989 to determine if this may be a global effect 
on miRNAs in the ovaries, however, it showed no change in abundance at 6 and 12 
days post-infection (Fig. 6C and D).  
 
Figure 6: DENV suppresses aae-miR-309a-3p, but not aae-miR-989 in 
mosquitoes. Total RNA was extracted from mosquitoes injected with either DENV or 
PBS at four days post-emergence. RT-qPCR for miRNAs demonstrated a significant 
reduction in the abundance of aae-miR-309a-3p in DENV-infected mosquitoes at 6 
days post-infection as compared with uninfected mosquitoes (A). At 12 days post-
injection, no difference in aae-miR-309a-3p was detectable between treatment groups 
(B). DENV had no effect on aae-miR-989 at 6 days post-injection (C), although a non-
significant upward trend was present at the 12-day time point (D). Error bars represent 
SEM from three biological replicates. **, p<0.01; n.s, not significant. 
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DENV suppresses GATA4 in Aag2 cells 
Data from a previous report (Sim and Dimopoulos 2010a) suggest that DENV 
suppresses the transcript levels of GATA4 in the Aag2 cell line. As these results were 
obtained through micro-array and within a different lab population of Aag2 cells, we 
endeavored to test this interaction using RT-qPCR in our Aag2 cells. We found the 
same effect to a slightly stronger degree with DENV significantly suppressing GATA4 
transcript levels roughly by 2.5-fold (Fig. 7A). This result is of particular interest given 
the previous observations we have made that DENV infection also leads to the 
suppression of aae-miR-309a-3p, which appears to be involved in the upregulation of 
GATA4. 
Transcriptionally silencing GATA4 in Aag2 cells leads to an increase in DENV 
replication, whilst aae-miR-309a3p has no effect 
Our observation that DENV infection of Ae. aegypti cells leads to the suppression of 
GATA4 (Fig. 7A) led us to examine the possible implications this might have on DENV 
RNA load. To do this, we silenced the GATA4 gene using dsRNA and infected cells 
with DENV. Our results showed a significant increase (approximately 2-fold) in the 
amount of DENV viral RNA present in cells in GATA4-silenced cells as compared with 
mock and dsGFP transfected cells (Fig. 7B and C). As it appears that reducing GATA4 
expression aids in viral load accumulation, we aimed to determine whether aae-miR-
309a-3p might also negatively affect DENV replication given its inductive effect on 
GATA4. We transfected the aae-miR-309a-3p mimic into Aag2 cells and subsequently 
infected them with DENV in order to measure its effect on viral replication. Surprisingly, 
increasing aae-miR-309a-3p abundance did not cause a reduction in DENV viral 
genomic RNA (Fig. 7D). These results suggest that whilst DENV may flourish when 
GATA4 transcripts are abnormally low, it may potentially maintain the ability to tolerate 
normal or higher levels of GATA4 expression.  
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Figure 7: GATA4 is suppressed by DENV and its knockdown aids DENV 
replication, but aae-miR-309a-3p has little effect. Infection of Aag2 cells with DENV 
elicits a significant 3-fold reduction of GATA4 transcripts, as determined by RT-qPCR 
(A). Using dsRNA specific to its mRNA, GATA4 transcripts were knocked down 3-fold 
(B), which led to a roughly 3-fold increase in DENV RNA (C). Transfection with aae-
miR-309a-3p had no significant effect on viral DENV RNA load in Aag2 cells, but did 
result in an upward trend (D). Error bars represent SEM from three biological 
replicates. *, p<0.05; **, p<0.01; n.s, not significant. 
 
4.  Discussion 
A preponderance of recent evidence has indicated that the vast bulk of miRNA target 
genes are subject to a high degree of regulatory complexity, or they themselves are 
transcription factors (Cui et al., 2007; Martinez and Walhout 2009; Naeem et al., 2011; 
Nazarov et al., 2013). In addition to the tendency to target transcription factors 
(Gosline et al., 2016), miRNAs are known to be heavily involved in development 
across a range of metazoans (Gurtan and Sharp 2013; Kloosterman and Plasterk 
2006). We presumed that given the role of GATA4 as a transcription factor, which is 
involved in many facets of development (Lentjes et al., 2016; Molkentin 2000; Watt et 
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al., 2007), it may be subject to regulation by miRNAs. Further contributing to our 
hypothesis was the propensity for GATA4 to be modulated in expression through a 
range of biological phenomena impacting mosquitoes which are also known to modify 
miRNA expression profiles, including Wolbachia infection, flavivirus infection and 
blood feeding (Hussain et al., 2013; Park et al., 2006; Sim and Dimopoulos 2010a). In 
order to test this, we silenced the Ago1 protein in Aag2 cells that is typically 
responsible for the loading of miRNAs to their targets in insects (Okamura et al., 2004). 
A reduction in the function of Ago1 should therefore, result in the modified expression 
of genes that are regulated by normal miRNA activity. Upon silencing Ago1 using 
dsRNA, we observed a significant 1.5-fold reduction in the abundance of GATA4 
transcripts in Aag2 cells. This result may suggest a positive regulatory role for miRNAs 
in GATA4 expression. We aimed to narrow down the possible miRNAs, that might be 
involved in this regulatory control by screening the known Ae. aegypti miRNAs for 
potential binding sites in the GATA4 mRNA. Of those miRNAs which showed 
promising targets, two had previously been reported to be predominantly expressed 
in the ovaries, aae-miR-989 and aae-miR-309a-3p (Jain et al., 2015; Zhang et al., 
2016). We chose to pursue these two miRNAs for further analysis because our 
previous work had indicated an active role and high expression of GATA4 in Ae. 
aegypti ovarian tissue (Osei-Amo et al., 2018). We transfected Aag2 cells with the 
mimics of both of these miRNAs separately and measured the effects on GATA4 
transcript levels. Whilst we found a slight trend towards reduction in GATA4 transcripts 
upon the transfection of aae-miR-989, whose predicted target sites fell within the 3’ 
UTR of GATA4, this reduction was not statistically significant. It also did not match the 
pattern of regulation seen when Ago1 was silenced which was down-regulation of 
GATA4. Conversely, when transfected with aae-miR-309a-3p, we observed a 
significant 1.5-fold up-regulation in GATA4 transcripts. This up-regulation of GATA4 
by the ovary specific aae-miR-309a-3p was congruent with the observation of reduced 
GATA4 levels upon Ago1 depletion. 
A recent study detailed the ovary-specific nature of aae-miR-309a-3p in Ae. aegypti 
(Zhang et al., 2016). The researchers also transfected an antagomiR of the miRNA 
into Ae. aegypti mosquitoes. Analysis of their supplementary materials revealed a 2.5-
fold decrease in GATA4 transcript levels when aae-miR-309-3p was inhibited with its 
corresponding antagomiR. Taken together with our findings that inhibiting Ago1 
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decreases GATA4 levels and aae-miR-309a-3p mimics increase GATA4 
transcriptional abundance, these results provide strong evidence for the ability of aae-
miR-309a-3p, which is co-localised in the ovaries, to modify GATA4 levels. Further 
evidence for the relationship between these two regulatory elements may be present 
in findings that have been published previously, which indicate that both are 
simultaneously up-regulated in the scenario of Wolbachia infection in Ae. aegypti 
(Hussain et al., 2011; Hussain et al., 2013).  
It was not clear to us at this stage, however, whether this positive correlation was due 
to a direct interaction or the result of indirect changes associated with other potential 
targets of aae-miR-309a-3p. To investigate this possibility further, we looked again to 
the findings of (Zhang et al., 2016), which demonstrated comprehensively that aae-
miR-309a-3p targets the transcription factor Homeobox SIX4 (SIX4) in Ae. aegypti. To 
ensure that this regulatory factor did not cause the positive association of GATA4 and 
aae-miR-309a-3p through some cascade, we silenced SIX4 and measured the effects 
on GATA4. This experiment made it clear that a 2-fold reduction in the transcript levels 
of SIX4 had no impact on the transcript levels of GATA4. Next, we cloned three 
putative target sequences of aae-miR-309a-3p in GATA4 mRNA in the pIZ-GFP 
plasmid vector downstream of GFP, which would serve as a reporter for target 
site/miRNA binding. Our results confirmed direct interaction of one of these target sites 
(TS3) with GATA4, that has complete complementarity with the miRNA seed region. 
To further validate the interaction of aae-miR-309a-3p with the target site, we mutated 
aae-miR-309a-3p at position 3 and 4 changing adenosine and cysteine residues both 
to guanines. We predicted that the result of this mutation would be the attenuation of 
the effect of aae-miR-309a-3p mutant on the TS3 construct. Whilst this was largely the 
case, there still existed a slight trend of upward regulation of GFP upon the transfection 
of the aae-miR-309a-3p mutant. The positive transcriptional regulation of a gene by 
miRNA is interesting in that it is atypical; it is certainly not unprecedented, however, 
as there have been several previous reports of such positive correlations (Ghosh et 
al., 2008; Hussain et al., 2011; Orang et al., 2014; Zhao et al., 2017). 
Given the co-upregulation of aae-miR-309a-3p and GATA4 in response to an 
endosymbiont such as Wolbachia, we decided to investigate whether this association 
was conserved in other host-pathogen interactions. In addition, a recent work 
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published in collaboration with our lab suggested that aae-miRNA-309a-3p was 
suppressed in Ae. aegypti mosquitoes following ZIKA virus infection (Saldana et al., 
2017). We wanted to know if a similar suppression of this miRNA may occur in the 
case of DENV infection in light of a previous work, which demonstrated that DENV 
suppresses GATA4 (Sim and Dimopoulos 2010a), a finding which we also confirmed 
via RT-qPCR. In order to achieve this, we repurposed previously collected total RNAs 
from DENV-infected and uninfected mosquitoes at 6 and 12 days post-infection. Using 
RT-qPCR specific to miRNAs, we tested the levels of aae-miR-309a-3p across both 
treatments and discovered that similar to ZIKA, DENV also suppresses the miRNA. It 
does so significantly by approximately 1.5-fold at 6 days post infection. However, the 
abundance of aae-miR-309a-3p appears to return to normalcy after 12 days of 
infection. Upon observing this tendency of DENV to suppress aae-miR-309a-3p and 
GATA4, we postulated that either or both might have an effect on the replication of 
DENV. We tested this hypothesis in the case of GATA4 by silencing it in Aag2 cells 
and infecting them with DENV alongside uninfected controls. We observed a 
significant 2-fold increase in the DENV viral load in Aag2 cells. The ability of DENV to 
suppress GATA4 may therefore help it to replicate more effectively in its host. This led 
us to question whether DENV’s suppression of aae-miR-309a-3p may be directed 
ultimately toward this aim. By transfecting DENV infected Aag2 cells with aae-miR-
309a-3p, we were able to observe the miRNA’s effect on viral replication. However, 
the addition of aae-miR-309a-3p was unable to achieve any significant reduction in 
DENV RNA. This result was surprising considering aae-miR-309’s ability to induce 
GATA4, which appears to have an antiviral effect. It remains possible that aae-miR-
309a-3p has several other targets and that the cumulative effect of these may even 
benefit viral replication. If this were the case, it may benefit Ae. aegypti to reduce its 
expression of this miRNA to prevent excess virus build up that could be pathogenic.  
It should also be mentioned however, that GATA4’s highest expression is in the 
ovaries, which are not the primary site of replication for DENV. It is therefore possible 
that the interactions we observe are a by-product of other physiological processes 
which occur during infection. Whilst these interactions may therefore be unimportant 
in the infectivity to humans of DENV vectoring mosquitoes, there still exists the 
possibility that inhibition of virus in the ovaries may impact its vertical transmission.  
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A great deal more research into the effect of this particular miRNA on flavivirus 
replication is clearly warranted to establish just how it facilitates the interaction of host 
and pathogen. 
5.  Experimental procedures 
Mosquitoes, cell lines and virus infection 
Aag2 cells were maintained in a medium composed of 45% Schneider’s Drosophila 
medium (Invitrogen), 45% Mitsuhashi-Maramorosch medium, and 10% FBS 
(Bovogen) and maintained at 27°C. Ae. aegypti mosquitoes were maintained at 27°C 
with 60-70% humidity on a 10% sucrose solution. For blood feeding, mosquitoes were 
fed through an artificial apparatus using human blood donated by Red Cross Australia 
which was ineligible for human use. All the mosquito RNA samples used in this study 
from Ae. aegypti mosquitoes infected with DENV, and uninfected, had been previously 
extracted and stored at -80ºC (Asad et al., 2016). Aag2 cells were infected with 1 MOI 
of DENV serotype 2 (New Guinea strain). 
 
RNA extraction and qPCR 
RNA was extracted from cells 72h post-transfection using QIAzol (QIAGEN) and cDNA 
was generated using Superscript III Reverse Transcriptase (Invitrogen) using a poly-
dT reverse primer. Gene-specific primers were then used in Quantifast SYBR qPCR 
(Qiagen) to test the transcript levels of selected candidate genes using 2 µl of the 10 
times diluted RT reaction per sample. For each sample, three biological replicates 
each with three technical replicates were analysed in a Rotor-Gene thermal cycler 
(QIAGEN) under the following conditions: 95˚C for 5 min, and 40 cycles of 95˚C for 10 
s, 60˚C for 15 s and 72°C for 20 s, followed by the melting curve analysis (68˚C to 
95˚C). Ribosomal protein S17 (RPS17; AAEL004175) transcript levels were used as 
reference. All the primers used in this study are listed in Table S1. For miRNA-specific 
RT-qPCR, the miScript II RT Kit by QIAGEN was used in accordance with the 
manufacturer’s instructions.  
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RNA interference for gene silencing 
Double stranded RNA specific to the GATA4 transcript (AAEL010222) or SIX4 
(AAEL010327) was generated using the MEGAscript T7 Transcription kit (Ambion) 
and transfected into Aag2 cells according to the manufacturer’s instructions. Cells 
were transfected in 12-well plates containing approximately 3x105 cells per well. In 
order for transfections to achieve optimal efficiency, 10 µl of Cellfectin II (Invitrogen) 
reagent was used in conjunction with 1 µg of dsRNA per well. Control wells included 
cells transfected with only Cellfectin II as well as cells transfected with dsRNA specific 
to GFP. All treatments were conducted in triplicates. Primers used to generate the 
PCR product templates are listed in Table S1. 
 
Predicting aae-miR309a-3p target sites in GATA4 
We used RNAhybrid to scan the 3’UTR, 5’UTR and the open reading frame of GATA4 
for potential target sites of aae-miR-309a-3p using the default setting of the program. 
 
Statistical analyses 
Experiments that produced three treatment groups were analysed using one-way 
ANOVA tests using GraphPad Prism to determine statistical significance of any 
variation in the mean cycle threshold values (normalized using Qiagen templates) 
generated for each treatment group by RT-qPCR. For those experiments in which only 
two sample groups were generated, an unpaired two-way T-test was performed using 
GraphPad Prism. P-values consistent with a 95% confidence interval were considered 
significant. 
 
 
This project was funded by an Australian Research Council Discovery project 
(DP150101782) to SA.  
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Fig. S1: RNAhybrid predicted binding sites in GATA4 mRNA for aae-miR-309a-
3p. The in silico predictive software RNAhybrid was used to scan the GATA4 mRNA 
for potential binding sites of aae-miR-309a-3p. The three most likely candidate 
sequences, which were cloned into the pIZ vector, are presented here as diagrams 
(A) with the miRNA in green and the GATA4 mRNA in red. The unaltered aae-miR-
309a-3p mature sequence is also presented (B), as well as the mutant form used, in 
which residues 2 and 4 were both substituted for guanine. 
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1.  Abstract 
Recent discoveries regarding the importance of isomiRs have increased our 
understanding of the regulatory complexities of the miRNAome. Observed changes in 
the miRNA profiles in mosquitoes infected with flaviviruses have implicated small 
RNAs in the interactions between viruses and their vectors. Here we analysed the 
isomiR profiles of both uninfected and infected Aedes aegypti mosquitoes with the 
major human pathogen dengue virus (DENV). We found that several specific isomiRs 
were significantly altered in their abundance patterns in response to DENV infection 
potentially affecting their target repertoire. Notable among these were isomiR variants 
which displayed arm-switching. We also demonstrate that modifications to the 3p end 
of miRNAs are vastly more prevalent than those at the 5p ends. We also observed 
that in only 45% of Ae. aegypti miRNAs the most abundant read matches the exact 
sequence reported in miRBase. Further, we found positive correlations between the 
number of mature miRNA reads, pre-miRNA length, GC content and secondary 
structure minimum free energy with the number of isomiRs. The findings presented 
here provide some evidence that isomiR production is not a random phenomenon and 
may be important in DENV replication in its vector. 
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2.  Introduction 
MicroRNAs (miRNAs) are small non-coding RNA molecules, which have been 
demonstrated to have substantial impacts on gene regulation across a vast range of 
organisms through interaction with mRNAs (Bartel 2004; Lee et al., 1993b). 
Transcribed in the nucleus largely by RNA polymerase II, the primary miRNA (pri-
miRNA) transcript is processed by the enzyme Drosha in association with an RNA 
binding protein, DGCR8 (or Pasha in insects) into a precursor (pre-miRNA) before 
being exported into the cytoplasm (Lee et al., 2003; Lee et al., 2004). Once in the 
cytoplasm, pre-miRNA can then be further processed to generate the miRNA duplex 
consisting of a mature and a star strand miRNA (Winter et al., 2009a). It is either of 
these two strands (usually the mature strand) contained in the duplex, which are 
loaded into either argonaute (Ago) proteins Ago1 or Ago2 and directed to the mRNAs 
that they target (Pillai et al., 2007b). 
Recent findings have demonstrated that despite typically being annotated as a specific 
sequence, individual miRNAs often exist in a range of length and sequence variations 
termed isomiRs (Chatterjee and Grosshans 2009; Lee et al., 2010; Morin et al., 2008; 
Neilsen et al., 2012; Wyman et al., 2011). These variants or isomiRs were once 
thought to be sequencing errors but have since been demonstrated to be 
physiologically relevant and post-transcriptionally modified miRNA variants (Ebhardt 
et al., 2009; Llorens et al., 2013a). It has even been suggested that isomiRs may have 
affinities for different targets than their canonical miRNA counterparts (McGahon et 
al., 2013; Tan et al., 2014b). Despite being largely more frequent at the 3’ end, these 
variations can occur at both ends of the miRNA sequence and can even be present in 
the form of nucleotide substitutions (Burroughs et al., 2010; Chatterjee and Grosshans 
2009; Fernandez-Valverde et al., 2010; Marti et al., 2010). It is poorly understood how 
the production of isomiRs is regulated but there have been several proposed 
mechanisms as to the mode of their biogenesis, which has been demonstrated to be 
complex and even cell type specific (Starega-Roslan et al., 2011; Wyman et al., 2011). 
Some of the variations observed in miRNA sequences might be the product of 
template variations brought about by the exonuclease activity of Drosha and Dicer 
(Neilsen et al., 2012). When the substantial over-representation of 3’ modifications is 
taken into account, however, it is apparent that other factors contribute to the 
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production of isomiRs. One suggested cause for this skewed distribution of isomiRs in 
favour of the 3’ variants is the stereochemistry of the complex formed between Ago 
proteins and miRNAs. Crystallographic studies indicate that the 5’ ends of miRNAs 
are shielded from exonucleolytic attack by the middle domain (MID) in Ago2 (Elkayam 
et al., 2012). Adenylation and uridylation by a host of nucleotidyl transferases have 
been experimentally determined to be predominantly responsible for 3’ variations in 
miRNA sequences. Furthermore, these modifications were found to be miRNA 
specific, implying some manner of regulatory control (Wyman et al., 2011). In plants, 
it is evident that these processes of uridylation and adenylation play antagonistic roles 
in regulating miRNA stability with un-methylated miRNAs being vulnerable to 
uridylation and subsequent degradation (Ren et al., 2012; Zhao et al., 2012). It is also 
relevant that for the most part, these nucleotidyl transferases catalyse the addition of 
nucleotides in a 5’ to 3’ directionally specific manner, making them more likely to add 
nucleotides to the 3’ end of a miRNA (Martin and Keller 2007; Neilsen et al., 2012). 
Modifications that result in “trimming” of the 3’ end of miRNA sequences are not 
accounted for by adenylation or uridylation. Studies in Drosophila melanogaster have 
suggested that trimming modifications to the 3’ end of miRNAs are enacted by the 
exoribonuclease “Nibbler” (Han et al., 2011a; Liu et al., 2011a). Also suggested in 
these studies, was the possibility of other Nibbler-independent mechanisms for 3’ 
trimming, as not all the miRNAs subject to 3’ trimming were affected by Nibbler 
knockouts.  
Relatively little is known about the mechanisms responsible for 5’ miRNA 
modifications, however, in Caenorhabditis elegans, modifications to the 5’ end which 
destabilize miRNAs and contribute to their degradation in vivo have been shown to be 
enacted by the exoribonuclease XRN-2 (Chatterjee and Grosshans 2009). Despite 
their biogenesis being poorly understood, 5’ modifications to miRNAs are potentially 
crucially important given the tendency of particular base changes at the 5’ nucleotide 
to dictate which of the varying Ago proteins that a specific miRNA will bind to (Mi et 
al., 2008; Takeda et al., 2008). 
MiRNAs may play a role in the ability of mosquitoes to act as vectors for widely 
damaging arboviruses such as dengue virus (DENV). For example, Aedes aegypti 
miRNAs have been shown to be modified in their abundance in the event of DENV 
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infecting the mosquitoes (Campbell et al., 2014a). Given our emerging understanding 
of the influence that variations in isomiR prevalence can have on gene regulation, a 
greater knowledge of the isomiR profile of mosquitoes responsible for the transmission 
of arboviruses is needed. In this study, we analysed the results of deep sequencing 
performed on the main DENV vector Ae. aegypti after DENV-infection as compared to 
uninfected mosquitoes (Campbell et al., 2014a; Hussain and Asgari 2014). We found 
that there were several specific miRNAs which showed alterations in their prevalence 
in response to DENV infection; however, this effect was not ubiquitous, with the overall 
pattern of isomiR expression not being significantly altered by DENV infection. These 
results indicate that at least for some miRNAs isomiR profiles could be dynamic with 
potential biological significance, which is as of yet undetermined.  
 
3.  Results and Discussion 
IsomiRs and their prevalence in Ae. aegypti 
We explored the sequence variation of mapped reads correlating with Ae. aegypti 
miRNAs in DENV-infected and uninfected mosquitoes. For this, we utilized publically 
available RNA-seq data from 2, 4, and 9-day DENV-infected and uninfected 
mosquitoes (Campbell et al., 2014a). The absolute quantity and relative abundance of 
each class of isomiR (see Table 1 for definition of modifications) were measured in 
each library. It was clear from these data that the relative prevalence of each isomiR 
category was effectively unchanged with respect to DENV infection (Fig. S1, df:7 and 
F value=0.07). The data also showed that the most commonly observed isomiR was 
the 3’ trim variant whilst the 3’ single nucleotide addition and the 5’ trim variants were 
comparatively rare (Fig. S1). The least common class of isomiR was the 5’ extension 
in which nucleotides matching the genomic precursor molecule sequence are added 
to the 5’ end of the miRNA sequence. Overall, isomiRs possessing modifications 
occurring at the 3’ end of miRNAs were vastly more abundant than those occurring at 
the 5’ end with a ratio of 25 to 1. These findings concur with the current literature 
(Burroughs et al., 2010; Guo et al., 2014a; Guo et al., 2014b; Vaz et al., 2013; Zhou 
et al., 2012). It has been proposed that this enormous bias towards modifications to 
the 3’ end of miRNAs suggests that these variations are more than just artefacts 
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generated by inaccuracies in data collection (Tan et al., 2014b). Sequence 
conservation at the all-important 5’ end is evidently a phenomenon whose existence 
is rooted in biological necessity as the 5’ terminal and seed (nt 2-8 from the 5’ end) 
regions of miRNAs have been implicated in their ability to affect their targets and even 
the possibility of affecting new targets (Hibio et al., 2012b; Lewis et al., 2005; Tan et 
al., 2014b; Ui-Tei et al., 2004; Witkos et al., 2011; Xia and Zhang 2014). It is therefore 
not surprising that these regions are more frequently conserved. 
It appears likely that these sequence variations may indeed be generated by variations 
in the pre-miRNA sequences due to the activity of Drosha and Dicer, which are known 
to produce variations in transcript sequences (Kim and Nam 2006; Lee et al., 2006; 
Neilsen et al., 2012; Tijsterman and Plasterk 2004). Recently, it has been shown that 
about 70% of expressed miRNAs in human, mouse, D. melanogaster and C. elegans 
can produce 5’ modified isomiRs, and the mechanism responsible for this modification 
is perhaps well-conserved during evolution (Xia and Zhang 2014). 
Alteration in isomiR production rate of specific miRNAs by DENV infection 
Previously it has been reported that the isomiR expression can be different in response 
to various biological stimuli such as cancer and bacterial infection (Li et al., 2012; 
Llorens et al., 2013a; Newman et al., 2011; Siddle et al., 2015b; Wyman et al., 2011). 
Recently, we also showed that modifications to miRNAs could occur as a result of 
Wolbachia colonisation in the dengue mosquito vector (Mayoral et al., 2014a). Here 
we found that DENV infection can also change the isomiR profile in Ae. aegypti.  
To explore miRNA variation and post-transcriptional modifications, we calculated the 
exact/all read count ratio as an index for isomiR production rate for all known Ae. 
aegypti miRNAs. The reads which mapped exactly to mature miRNA sequences 
(extracted from miRBase version 20) were used to calculate the exact read counts for 
each miRNA. This read count significantly changed in five Ae. aegypti miRNAs upon 
DENV infection (Fig. 1). DENV infection significantly increased the isomiR production 
rate of miRNAs miR-2c, miR-210 and miR-34. Notable impact of DENV infection on 
exact/all read count ratio was also observed in miRNAs miR-276 and miR-10, whose 
read count was significantly reduced by DENV infection. 
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Taken together, these alterations to the mosquito isomiRome may have a collective 
net benefit or detriment to the mosquito’s ability to vector DENV. It is unclear what the 
potential biological significance of these modifications could be, but the fact that they 
are specific and seemingly varied amongst miRNAs does seem to suggest some 
evolved function. These findings are also congruent with many examples in the current 
literature, which also suggest targeted isomiR variation in response to differing 
biological contexts (Guo et al., 2011; Mayoral et al., 2014a; Siddle et al., 2015b). Given 
this variation with respect to the biological context of infection in this particular case, it 
would be interesting to test the isomiRome of other DENV vectors (mainly Ae. 
albopictus) and how they react to DENV. It is not necessarily a given that the isomiR 
profile changes we saw in these data, which were generated from RexD colony 
mosquitoes (Campbell et al., 2014a), would be conserved among closely related 
strains. A study conducted by Loher et al. (2014) demonstrated that unique isomiR 
profiles exist in human lymphoblastoid cells, which differ between populations and 
even genders (Loher et al., 2014). It is reasonable to conclude from this that 
isomiRomes can evolve rapidly and are potentially less conserved than miRNAomes.  
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Figure 1: The canonical miRNA frequency modification in response to DENV 
infection for specific miRNAs.The ratio of the exact canonical miRNA sequence 
read count to its all different classes of isomiRs for those miRNAs whose ratio was 
significantly changed (P<0.05). 
 
Specific classes of isomiRs modification due to DENV infection 
Specific classes of isomiRs were observed to be considerably altered in their 
prevalence by DENV infection. The 3’ multiple nucleotide extension (3MNE) class of 
isomiRs displayed statistically significant induction in response to DENV infection in 
miR-285-3p, miR-989-3p and miR-10-5p (Fig. 2A). However 3MNE isomiR production 
rate considerably decreased for miR-210-3p in DENV infected samples. Significant 
changes in the read counts of the 3’ single nucleotide extension (3SNE) class of 
isomiRs with respect to DENV infection were also observed for miR-989-3p, miR-306-
3p, miR-34-5p, and miR-2b-3p  (Fig. 2B). Likewise, alteration in isomiR production 
ratio was detected for 3’ multiple nucleotide addition (3MNA) isomiRs in miR-210-3p, 
miR-2b-3p and miR-34-5p, which showed significant down-regulation in DENV 
infected mosquitoes (Fig. 3A). A similar effect was seen for 3’ single nucleotide 
addition (3SNA) for miR-210-3p, but an opposing effect for miR-34-5p (Fig. 3B). 3MNE 
and 3MNA isomiRs of miR-210-3p proved to be more highly abundant in DENV-
infected mosquitoes in comparison with other miRNAs in the 3’ modification class of 
isomiRs. The 3’ trimmed (3’ Trim) class of isomiRs also varied in their abundance in 
response to infection; specifically miR-1175-3p, bantam-3p and miR-281-3p, showed 
significant induction, and miR34-5p, miR-2a-3p, and miR-927-3p significant reduction 
in infected mosquitoes (Fig. 4). The data also demonstrated that all 3’ isomiRs of miR-
34-5p were significantly altered by DENV infection (Fig. S2). However, it is currently 
unclear as to why particular isomiR variants are more vulnerable to modifications in 
response to DENV in Ae. aegypti. It is interesting that miRNAs, which have significant 
increases in one particular isomiR variant in response to DENV, commonly have a 
variation in at least one other isomiR as well. It remains to be seen whether these 
alternate variants are equally biologically relevant or mere bi-products of miRNA 
biogenesis.  
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Figure 2: DENV infection altered the frequencies of 3’ end modified isomiRs in 
some miRNAs. The isomiR/exact read count ratio for (A) 3’ multiple nucleotides 
extension isomiRs, (B) 3’ single nucleotide extension isomiRs. The isomiR/exact read 
count ratio for these miRNAs was significantly altered due to DENV infection (P<0.05). 
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Figure 3: DENV infection modified the frequencies of 3’ nucleotides addition 
isomiRs in some miRNAs. The isomiR/exact read count ratio for (A) 3’ multiple 
nucleotides addition isomiRs, (B) 3’ single nucleotide addition isomiRs. The 
isomiR/exact read count ratio for these miRNAs was significantly altered due to DENV 
infection (P<0.05). 
 
DENV infection induced a significant increase in the abundance of 5’ Trim isomiRs for 
miR-34-3p and miR-1175-3p while 5’ Trim isomiRs were less abundant in miR-34-5p 
and miR-2b-3p in infected mosquitoes (Fig. 5A). However, we did not detect any 
significant modification due to DENV infection for other 5’ isomiRs.  
The nucleotide substitution class of isomiRs appeared to be also affected by DENV 
(Fig. 5B). We observed significant variations to the isomiR/exact read counts of 
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nucleotide substitution isomiRs in just three miRNAs, miR-276-5p, miR-34-5p and 
miR-34-3p (Fig. 5B). Given the significantly reduced rates of single nucleotide 
polymorphism (SNPs) observed in human miRNAs with respect to the overall genome, 
it has been suggested that there exist strong selective pressures, which act to 
conserve the sequence fidelity in miRNAs (Ryan et al., 2010; Saunders et al., 2007). 
The data presented in this study provides evidence that the same selection pressures 
may act on Ae. aegypti mature miRNAs. We speculate that the establishment of DENV 
infection may cause changes to the activity levels of some enzymes involved in isomiR 
production and this might be a potential determinant of significant changes in isomiR 
frequencies of specific miRNAs after infection. For example, it is known that the 
enzyme responsible for 3’ trimming of miRNAs is the Nibbler protein (Han et al., 2011a; 
Liu et al., 2011a), however, there are currently no studies which describe the 
expression of Nibbler and other related enzymes with regards to infection in 
mosquitoes.  
 
 
94 
Figure 4: The change in the prevalence of 3’ trimmed isomiRs in response to 
DENV for specific miRNAs. The isomiR/exact read count ratio for these miRNAs was 
significantly altered due to DENV infection (P<0.05). 
 
 
Figure 5: The change in the frequency of 5’ Trimmed and nucleotide 
substitutions isomiRs in response to DENV for specific miRNAs. The 
isomiR/exact read count ratio for these miRNAs was significantly (P<0.05) altered due 
to DENV infection for (A) 5’ Trim and (B) Nucleotide substitutions. 
 
Infection with DENV causes arm-switching in some miRNAs 
In general, an arm-switching event, change in the relative abundance of the 5p and 3p 
arms of a miRNA duplex, may indicate that a dominant product (5p or 3p) is selectively 
preferred. It is evident from the graphs in Figure 6 that bantam’s ratio of 5p to 3p reads 
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is considerably increased by DENV infection; this is also true for miR-980 and miR-
2945. The 5p to 3p ratio was decreased by DENV infection for miR-34, miR-988, miR-
12, miR-iab-4, and miR-932 (Fig. 6). The change in the predominant isomiR for these 
particular miRNAs likely represents a targeted and biologically significant modification 
of the mosquito host in response to infection; there are several published reports of 
such a phenomenon (Baran-Gale et al., 2013; Guo et al., 2014a; Li et al., 2012; Meijer 
et al., 2014). In these examples, incidences of infection or genetic disease resulted in 
the dominant isomiR of a miRNA to be shifted either to the opposite arm (3p) of the 
precursor or further up the 5p arm. As depicted in Figure S3, the most prevalent isomiR 
for miR-1000 in uninfected mosquitoes originates several nucleotides upstream from 
that, which is most prevalent in infected mosquitoes; it has shifted up the 5p arm of 
the precursor (Fig. S3A). In the case of miR-305, the most prevalent isomiR was found 
on the 5p arm in uninfected mosquitoes, however, for mosquitoes which were infected 
with DENV the most prevalent isomiR originated from the 3p arm, an arm-switching 
event in response to DENV infection (Fig. S3B). It is possible that these occurrences 
may also affect the target genes which the miRNAs interact with. This in turn could 
play an important role in mediating pathogenicity and infection.  
Recently, Siddle et al. (2015) reported that in the context of mammalian host-pathogen 
interaction, isomiR profiles could be broadly modified by hosts in response to bacterial 
infection. This study indicated that there can be an overarching shift in both arm 
switching and sequence variability in response to pathogenic infection (Siddle et al., 
2015b), however, the changes were not always highly pronounced and often varied 
with respect to different pathogens. They also observed that particular miRNAs 
exhibited much more highly expressed isomiR variants differing to the canonical 
pathways than would be explained by the global trend. Furthermore, these effects 
were present in response to a particular bacterium. Such findings are consistent with 
those of this study, which indicate that specific miRNAs are more significantly affected 
with regards to their isomiR production than others in the presence of a symbiotic 
organism. A possible explanation for the lack of ubiquity of this phenomenon may be 
that DENV is not highly pathogenic to Ae. aegypti (Miller and Mitchell 1991) and 
therefore elicits only a moderate immunological response from the mosquito. This may 
also explain the relative temporal independence of our observations, which contrast 
to others. The lack of universal effect does however provide further credence to the 
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notion that the particular isomiR variants, which are responsive to infection, are 
specifically targeted in some fashion. Our data therefore supports previous works 
which indicated that the relative isomiRs production levels are likely to be dynamic 
phenomena and might be miRNA-specific events (Burroughs et al., 2010; Chatterjee 
and Grosshans 2009; Fernandez-Valverde et al., 2010; Guo et al., 2012; Guo et al., 
2013a; Marti et al., 2010; Vaz et al., 2013). 
 
Figure 6: Ratio of 5p to 3p read counts in specific miRNAs. The series of graphs 
in this figure illustrate the ratio of miRNAs originating from the 5p arm of the hairpin 
structure to those originating from the 3p arm. The graphs show the ratios for those 
particular miRNAs whose change in ratio was statistically significant with respect to 
DENV infection (P<0.05).  
IsomiR production power in different Ae. aegypti miRNAs 
We classified Ae. aegypti miRNAs into two classes based on the most highly 
expressed sequence as observed by read count. True miRNAs are those miRNAs for 
which the most highly expressed read was an exact match to the canonical sequence 
(mature miRNA reported in miRBase). For those miRNAs classified in the “False” 
group the most highly expressed read differed to that reported in miRBase (Fig. S4). 
The results indicated that for Ae. aegypti, the most abundant miRNA sequence 
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matches the canonical miRNA in just 45% of cases, while 55% of Ae. aegypti miRNAs 
produce False miRNAs (Figs. 7A and B). It is also apparent that this overall trend is 
not altered by DENV infection. We examined the data from all available small RNA 
libraries and calculated a probability index for “True” miRNAs based on their isomiR 
variation in each library. In some miRNAs such as miR-1, miR-11, miR-12 and miR-
999 (miRNAs with probability index of 100%) the canonical sequences were the 
dominant isomiR in all situations (Fig. 7C).  Despite not having a global effect, in 
miRNAs miR-1000, miR-34, miR-305 and miR-10, the probability to be a “True” miRNA 
considerably changed due to DENV infection (Fig. 7C).  
 
Figure 7: Less than half of Ae. aegypti canonical mature miRNAs were dominant 
isomiRs. (A) “True” miRNAs are those miRNAs for which the most highly expressed 
read was an exact match to the canonical (mature miRNA reported in miRBase) 
sequence. (B) For those miRNAs classified in the “False” group the most highly 
expressed read differed to that reported in miRBase. (C) The probability index for 
“True” miRNAs based on their canonical isomiR variation in all available libraries. 
MiRNAs which scored a probability index of 100% represent those miRNAs whose 
canonical sequences were the dominant isomiRs in all libraries.   
 
Our findings here are not surprising when they are considered in conjunction with the 
current literature. In a recent study of human dendritic cells subjected to bacterial 
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infection, it was demonstrated that in only 50% of human miRNAs the canonical 
sequences were the dominant isomiR (Siddle et al., 2015b). Also, in another small 
RNA deep sequencing analysis on human peripheral blood mononuclear cells, it was 
shown that the most highly expressed isomiR sequence of about 68% of miRNAs did 
not match with the reported miRNAs in the miRBase (Vaz et al., 2013). With the 
growing body of evidence indicating that a significant proportion of the annotated 
miRNA sequences are in fact isomiRs, which are not the dominant miRNA sequences, 
it is perhaps necessary to develop new criteria by which to denote the “True” sequence 
of miRNAs. In this case, the reference miRNA expression profile (previously reported 
in miRBase) may not deliver a precise picture of the miRNAome (Neilsen et al., 2012; 
Vaz et al., 2013). However, another possibility is that different biological conditions 
may affect the dominant miRNA sequence that is produced. Perhaps different tissues 
and environmental stimuli dictate which particular isomiR is most highly expressed 
making every miRNA sequence plastic in nature. If this is the case then the exact 
miRNA sequence is merely an arbitrary guide to identifying a group of miRNA isomiRs. 
There have also been some other reports of variation in the isomiR profiles of miRNAs 
across different tissues and cell types (Burroughs et al., 2010; Fernandez-Valverde et 
al., 2010; Zhou et al., 2012). Given the knowledge that small variations in miRNA 
sequences can have significant impacts on their target affinities, this understanding is 
vital for the advancement of the field. 
To further identify the structural impact of pre-miRNA on isomiR production power for 
each miRNA, we plotted the normalized unique read data from all available libraries 
against pre-miRNA secondary structure minimum free energy (-ΔG), GC content, and 
pre-miRNA length. To evaluate the impact of deep sequencing platforms on isomiR 
production power, we analyzed two sets of data, one sequenced by SOLiD and one 
by the Illumina platform (Fig. 8). Our analysis showed that the number of isomiRs 
produced by each miRNA appears to have a positive correlation with the minimum 
free energy value of the pre-miRNA secondary structure (P value = 0.0312 and 0.0123 
in SOLiD and Illumina, respectively). This data suggests that those miRNAs with lower 
minimum free energy, which thermodynamically are stronger, have greater isomiR 
production power (Fig. 8A and B). Similarly, the GC content of the pre-miRNA structure 
is associated with the number of isomiRs produced by the resultant miRNA (Fig. 8C 
and D). As the GC content increases, we observed on average, a higher number of 
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variant isomiRs generated, but this correlation was not statistically significant in 
Illumina data (P value = 0.0221 and 0.1268 in SOLiD and Illumina, respectively). The 
length of pre-miRNA structure is also positively correlated with an increased number 
of observed isomiRs, as longer pre-miRNA lengths correspond to greater quantities of 
isomiRs (P value = 0.0187 and 0.0378 in SOLiD and Illumina, respectively). These 
results are largely consistent between the two sequencing technologies indicating that 
these phenomena are unlikely to be an artifact generated as a result of the sequencing 
method or data processing idiosyncrasies such as adapter trimming. These analyses 
also revealed that more highly expressed miRNAs produce more isomiRs or 
predominant unique reads (Fig. S5).   
 
Figure 8: impact of pre-miRNA structure on isomiR production power. There 
were significant correlations between the number of unique reads (isomiR enrichment) 
and structural parameters such as pre-miRNA secondary structure minimum free 
energy (A & B), GC content (C & D), and pre-miRNA length (E & F). These results are 
largely consistent between the two sequencing technologies. 
 
Taken together these findings seem to signify a relationship between the stability of a 
pre-miRNA structure and a prevalence of variant isomiRs. It is surprising, however, 
that the three indicators measured here (miRNA length, -ΔG, and GC content) as 
proxies for pre-miRNA stability, all seem to increase the number of variant isomiRs 
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observed as they increase. Recently, a genetic analysis on let-7 secondary structure 
in 75 metazoan animal species showed that specific nucleotides were predominantly 
distributed in the 5’ and 3’ terminal loop ends, which may contribute to the relatively 
accurate cleavage that leads to a stable isomiR expression profile (Liang et al., 2014). 
One enzyme that has been implicated in the production of isomiRs through the 
modification of pre-miRNA structures is the processing enzyme TRBP (trans-
activation response (TAR) RNA binding protein) (Lee and Doudna 2012). This enzyme 
can trigger the generation of unique miRNA sequencing reads by changing the site at 
which it processes the pre-miRNA (Lee and Doudna 2012). Therefore, there exists a 
possibility that TRBP is somehow involved in the increase in isomiRs we observed in 
more stable pre-miRNA structures. If it was solely thermodynamic stability, which 
leads to the production of isomiRs, then we would likely see the opposite relationship. 
It is therefore necessary to consider the possible evolutionary significance of this 
relationship between pre-miRNA stability and isomiR production. It may be the case 
that pre-miRNA secondary structures, which are more stable, are more resistant to 
heritable alterations to their sequences and have thus accumulated more variations 
over time. Conversely, those pre-miRNA structures, which are not highly stable, may 
be quite vulnerable to loss of function with changes and such changes may therefore 
be less likely passed on.  
 
Fine-tuning gene expression by isomiRs 
To compare the specificity of different isomiRs of two selected miRNAs (miR-210 and 
miR-285) on target regulation, we generated potential binding sites on all annotated 
Ae. aegypti 3’UTRs for each of the respective sequences and their isomiRs. Three 
commonly used target prediction programs RNAhybrid, miRanda and RNA22 v2 were 
used. We compared the data from the three programs. Selected genes with unique 
binding sites for each miRNA and its isomiRs, predicted by at least two programs, 
were selected as potential targets of high confidence. Overall, it was evident that the 
variations in sequences present in each isomiR can have potentially profound impacts 
on the number of predicted target sites generated by all programs (Fig. 9A and B).  
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In the case of miR-210, although a similar number of highly confident predicted target 
genes were predicted for all the three isomiRs, there were only a fraction of these (24 
genes), which overlapped with each other as well as the mature miRNA sequence 
whose total potential targets were notably fewer (Fig. 9C). Similarly, the analysis on 
miR-285 predicted a very small proportion of potential target genes, which were 
conserved across all of the varying sequences (13 genes). In this case, however, the 
canonical miRNA sequence generated the highest number of potential targets (Fig. 
9D), whilst miR-285 isomiR1, which contained a three-nucleotide extension at the 3’ 
end generated less than half of the potential binding sites in the combined model. Due 
to the importance of the seed region in all target prediction algorithms, isomiRs with 5’ 
end modification in both selected miRNAs (Fig. 9E) contained the highest number of 
unique potential target genes (63 and 42 genes for miR-210 and miR-285, 
respectively). 
These findings suggest that isomiRs are not equal in their target gene regulation. 
Slight modifications to miRNA sequences may have significant impacts on their gene 
regulation activity. There have been few studies undertaken which explore the level of 
overlap in function between miRNAs and their isomiRs (Azuma-Mukai et al., 2008; 
Baran-Gale et al., 2013; Chan et al., 2013; Cloonan et al., 2011a). Baran-Gale et al 
(2013) showed that just three potential target genes were shared among all predicted 
targets of three isomiRs for human miR-375 (Baran-Gale et al., 2013). Chan et al 
(2013) also experimentally validated that miR-31 isomiRs display differential ability in 
repressing Dicer expression in MCF-7 breast cancer cells 57. Other studies have 
suggested that different isomiR profiles can be expressed across different tissues 
(Guo and Chen 2014). Together, these findings add another layer of complexity to our 
ever-growing understanding of the interactions of the miRNA-mRNA network. 
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Figure 9: A Comparison of in silico target identification for different isomiRs of 
particular miRNAs. (A) The four sequences of miR-210 generated very similar target 
binding profiles between miRanda and RNA22 v2 but RNAhybrid generated far more 
predicted targets than either of them for all four sequences tested. (B) Both RNAhybrid 
and miRanda generated relatively similar target prediction profiles to each other 
across the four sequences of miR-285, whilst RNA22 v2 was disparate in that it 
generated far fewer potential binding sites across all aforementioned sequences.  The 
Venn diagrams presented in (C) and (D) represent a subset of shared potential target 
genes for miR-210 and miR-285, respectively. The varying sequences used as 
isomiRs for the target identification pipeline are presented in (E). X, absence of a 
nucleotide in the position. 
The sub-cellular localisation and abundance of miRNAs in response to DENV 
Our observations with respect to the impact of DENV on the predominant isomiRs 
produced by Ae. aegypti led us to question how infection might influence the 
subcellular trafficking of miRNAs.  To shed some light on this, we infected cell culture 
flasks with DENV inoculum at an MOI of 1 and matched them with control uninfected 
cells. Both treatments were performed with three separate flasks. We allowed infection 
to progress for 72 h and extracted total RNA. We separated the cells nuclei from their 
cytoplasm using the Ambion PARIS kit (ThermoFisher Scientific MA, U.S.A). We were 
then able to detect the relative quantity of mature miRNAs which were localised in the 
nucleus and cytoplasm using Qiagens miScript SYBR RT-qPCR kit. We selected aae-
miR-2c and aae-miR-10 initially as these two miRNAs were consistent examples of an 
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increase in overall isomiR production and decrease in isomiR production respectively 
(Fig. 1). 
Our results showed no difference in the abundance of either of these miRNAs in the 
cytoplasm or the nucleus subsequent to DENV infection when compared with control 
cells (Fig.10A). Both miRNAs were far more abundant in the cytoplasm. We then 
looked to the most common specific classes of isomiR variation and tested aae-miR-
989-3p and aae-miR-34-5p, which showed an increase and decrease in 3’ single 
nucleotide extensions respectively (Fig. 2). Neither miRNA showed any change in their 
abundance in the nucleus in response to DENV (Fig.10B).  
Next, we checked aae-miR-932 and aae-bantam, two miRNAs which responded to 
DENV infection with “arm switching”. Increasing in 5’/3’ ratio count in the case of aae-
miR-932 and decreasing the same ratio in the case of aae-bantam. Again, we saw no 
significant changes in the nuclear or cytoplasmic abundance of either miRNA in 
response to DENV. It may be worth noting however, that in the case of aae-bantam, 
the trend of more miRNAs in the cytoplasm than the nucleus was reverse in uninfected 
cells. Curiously, the slight reduction in bantam’s abundance in the nucleus and slight 
increase in the cytoplasm meant that this trend was then restored in DENV-infected 
cells (Fig. 10C). Finally, we checked two miRNAs, aae-miR-2940-5p and aae-miR-
2945-5p, which were not shown to vary in isomiR production upon viral infection but 
had previously been shown to be induced by bacterial infection75.  In similar fashion to 
aae-miR-bantam, both these miRNAs showed a slight but non-significant reduction in 
abundance in the nucleus and a slight increase in the cytoplasm.  
Overall, we saw no convincing changes in miRNA sub-cellular localisation in response 
to DENV infection. This provides some evidence to suggest that whatever their role, 
isomiR variations do not seem to affect their trafficking from the nucleus to the 
cytoplasm. The slight variations we observed in the case of specific miRNAs, are much 
more likely due to other factors. This is evident given miRNAs aae-miR-989, aae-miR-
2c and aae-miR-10, which are known to have variable isomiR production, did not 
change subsequent to DENV inoculation.   
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Figure 10: Comparison of miRNA abundance in nucleus and cytoplasm in 
response to DENV. (A) Quantitative real-time PCR indicates the relative abundance 
of aae-miR-2c and aae-miR-10 in the nucleus and the cytoplasm in the presence and 
absence of DENV. The abundance of neither of miRNAs is changed in sub-cellular 
localisation in the presence of DENV. (B) aae-miR-989-3p and aae-miR-34-5p show 
no variation in their sub-cellular localisation in response to DENV, as indicated by qRT-
PCR. (C) qRT-PCR results indicate aae-miR-932 and aae-bantam display no 
significant change in their sub-cellular abundance subsequent to DENV infection, 
however, aae-miR-bantam shows a trend towards increase in the cytoplasm and 
decrease in the nucleus. (D) aae-miR-2945-5p and aae-miR-2940-5p show slight but 
non-significant trends towards increase in the cytoplasm and decrease in the nucleus 
as indicated by qRT-PCR. All miRNA transcripts were normalised to 5s ribosomal RNA 
which is detected at similar quantities in the nucleus and the cytoplasm. 
 
Conclusions 
There are an ever-growing number of reports, which illustrate the role that isomiRs 
play in the miRNA-mediated regulation of gene expression. These findings are 
increasingly suggesting that the production of isomiRs may be a regulated and 
imperative phenomenon in the normal functioning of organisms. Our findings have 
outlined the changes to the miRNAome with respect to different biological contexts in 
the major DENV vector Ae. aegypti. Although they showed no global correlations 
between changes in isomiR production with infection in mosquitoes, several individual 
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miRNAs showed differential production of isomiRs in response to infection. When 
taken in conjunction, these results provide further evidence to the hypothesis that 
isomiR production is a regulated phenomenon and warrants further study with regards 
to the effects it may have on the ability of mosquito vectors to harbor viruses.  
 
4.  Material and Methods 
Small RNA libraries 
To track the post-transcriptional modifications of Ae. aegypti miRNAs, we used the 
publicly available small RNA libraries of DENV-2 infected and non-infected mosquitoes 
(Campbell et al., 2014a; Hussain and Asgari 2014). A total of 18 libraries with a study 
accession number of SRP026241 were downloaded from the National Center for 
Biotechnology Information Sequence Read archive. This data was generated by the 
SOLiD 3 sequencing platform from RNA samples of unexposed and exposed 
mosquitoes at three time points (day 2, 4 and 9 post-exposure, with three biological 
replicates). We also reanalyzed our previous small RNA deep sequencing data from 
DENV-2 infected and non-infected sheep blood-fed adult mosquitoes, which were 
sequenced by Illumina GA platforms. These data are accessible through NCBI’s Gene 
Expression Omnibus with GEO series accession number GSE59516. 
Computational pipeline for isomiR identification 
CLC Genomic Workbench (version 7.0.4) was used to remove adapter sequences and 
reads with low quality scores from datasets. We applied the quality score of 0.05 as 
cut off for trimming. As described in CLC Genomic Workbench manual, the program 
uses the modified-Mott trimming algorithm for this purpose. The Phred quality scores 
(Q), defined as: Q=-10log10(P), where P is the base-calling error probability, can then 
be used to calculate the error probabilities, which in turn can be used to set the limit 
for which bases should be trimmed. Hence, the first step in the trim process is to 
convert the quality score (Q) to an error probability: P error=10^(Q/-10). Next, for every 
base a new value is calculated: Limit – P error. This value is negative for low quality 
bases, where the error probability is high. For every base, the Workbench calculates 
the running sum of this value. If the sum drops below zero, it is set to zero. The part 
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of the sequence not trimmed is the region ending at the highest value of the running 
sum and starting at the last zero value before this highest score. Everything before 
and after this region was trimmed. A read was completely removed if the score never 
made it above zero.  
To avoid any impurity in sequences, we also discarded the reads without 3’ adapters 
as well as those less than 16 nt in length after trimming. FASTQ/A Collapser of FASTX-
toolkit was used to produce copy number based sequence lists. The tab separated 
files with the read sequences and their counts were used as input files for further 
analysis. 
The automated workflow of miRanalyzer, a powerful web-based server for next 
generation sequencing analysis of miRNAs was used (Hackenberg et al., 2009). This 
software is designed based on a random forest classifier and implements a highly 
accurate machine-learning algorithm to provide an miRNA expression profile 
(Hackenberg et al., 2009). The miRanalyzer was selected for this study because of its 
popularity and accuracy in overall approach towards miRNA isoforms detection 
(Etebari and Asgari 2014). This tool uses the ultrafast short read aligner Bowtie 
(mapping seed alignment length: 17nt) to align the reads to Ae. aegypti hairpin 
sequences of known miRNA data from miRBase version 20 (Kozomara and Griffiths-
Jones 2011). To detect more potential variations, we allowed three possible 
mismatches in the mapping criteria and all length variation and even non-template 
nucleotide additions collected as isomiRs, which are listed in Table 1.  
We considered each unique mappable read to mature miRNA sequence as a potential 
miRNA isoform (isomiR). To observe the isomiR frequency for each type of defined 
isomiRs in all datasets, we calculated the ratios for isomiR/exact and also exact/all 
read count. The unique reads identical to the mature miRNA sequence reported in 
miRBase v20 were considered as the exact reads with which to compare the isomiR 
modification in each library.  
To assess the impact of pre-miRNA structure on isomiR production rate, the pre-
miRNA sequences were downloaded from miRBase and their stem loop secondary 
structures were predicted by a minimum free energy (mfe) approach in CLC Genomic 
Workbench (Zuker 1989). The calculated mfe for each miRNA was plotted to 
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normalized unique reads obtained from all SOLiD and Illumina small RNA libraries 
separately. We also checked the potential correlation between pre-miRNA GC content 
and their length, with isomiR production. 
 
In silico target identification for selected isomiRs 
We selected the three most highly expressed isomiRs of two miRNAs (miR-210 and 
miR-285) for in silico target identification assays. All annotated 3’ UTR sequences of 
Ae. aegypti were downloaded from VectorBase (Lawson et al., 2009) and the potential 
binding sites for each miRNA were predicted by command line tools such as miRanda 
(Enright et al., 2003), RNAhybrid (Krueger and Rehmsmeier 2006) and RNA22 v2 
(Miranda et al., 2006) algorithms using their default parameters.  High confidence 
potential targets were defined as those containing a unique binding site for each 
miRNA in at least two algorithms, with a maximum of 10 nucleotides shifting.  
Mosquitoes, cell lines and virus infection 
Aag2 cells were maintained in a medium composed of 40% Schneider’s Drosophila 
medium (Invitrogen), 40% Mitsuhashi-Maramorosch medium, and 10% FBS 
(Bovogen) and maintained at 27°C. Aag2 cells were infected with 1 MOI of DENV 
serotype 2 (New Guinea strain). 
RNA extraction and qPCR 
RNA was extracted from cells 72h post-transfection using QIAzol (QIAGEN). For 
miRNA-specific RT-qPCR, the miScript II RT Kit by QIAGEN was used in accordance 
with the manufacturer’s instructions.  
Cellular fractionation 
In order to separate cell nuclei from cytoplasm the Ambion PARIS kit was used in 
accordance with manufacturer’s instructions.  
Statistical analysis 
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We fitted linear mixed-effects models (LMMs)(Pinheiro and Bates 2000) to each 
isomiR dataset. For each miRNA we used Treatment (DENV-infected and non-
infected) as a fixed factor with two levels and time points as a random effect (three 
time points with three biological replicates in total 9 for each miRNA). We used Index 
as the (log-transformed) response variable. We extracted the p-value for the 
Treatment effect (testing for a difference between infected and non-infected) for all 
miRNAs and Indices (Exact/all RC, isomiR/exact RC, 5’/3’ RC ratio). We did not adjust 
for multiple comparisons e.g. by adjusting p-values to control the false discovery rate 
(Benjamini and Hochberg 1995) or the family-wise error rate as these approaches 
were either too conservative or unreliable for small numbers of tests (< 200)(Klaus and 
Strimmer 2013; Strimmer 2008). miRNAs were declared notable when p < 0.05 for any 
Index.  
For the True/False data, we fitted a binomial generalized mixed-effects model (GLMM) 
with the same explanatory variables as above. The response variable was either one 
(True) or zero (False). We treated the p-values from each miRNA analysis as above. 
All analyses were performed in R (Team 2015) using the packages nlme and lme4.  
In order to test for differences in the relationship between pre-miRNA structural 
parameters (GC content, size and minimum free energy) and the number of unique 
reads for the two platforms (Illumina and SOLiD), we used a linear mixed-effects 
ANCOVA model, with (log-transformed) read number as a response variable, platform 
as a fixed effect and pre-miRNA parameters as a covariate. Read replicate and 
miRNAs were modelled as crossed random effects. Models were fitted using the lme4 
package for R. Denominator degrees of freedom for F-tests of the fixed effects were 
estimated by Satterthwaite's method using package lmerTest for R (Kuznetsova et al., 
2015). We checked for heteroscedasticity by plotting the residuals versus the fitted 
values. To check the assumption of normality of the residuals, we examined a Normal 
quantile-quantile plot. Both checks revealed no major departures from the model's 
assumptions. 
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6.  Supplementary information 
Table 1: The isomiR types and their description (Hackenberg et al., 2009). 
IsomiR Type Code Description 
3’ single nucleotide extension  3SNE 
The read is 1nt longer than the reference mature sequence, but the nucleotide aligns with 
the hairpin sequence. The read starts at the same position in the hairpin than the reference 
mature sequence. 
  
3’ multiple nucleotide extension 3MNE 
The read is at least two nucleotides longer than the reference mature sequence, but the 
nucleotides align with the hairpin sequence. 
 
3’ trimmed 3Trim 
The read is shorter than the reference mature sequence but it starts at the same position 
in the hairpin. 
 
5’ extension  5MNE 
The read aligns to a position in the hairpin before the reference mature sequence but the 
last base of the read and the mature sequence map to the same position. 
 
5’ trimmed 5Trim 
The read aligns to a position in the hairpin after the reference mature sequence but the 
last base of the read and the mature sequence map to the same position. 
 
Nucleotide substitutions Subst 
Sequence variation between the reference mature sequence and the read. Only those reads 
are considered that have the same length than the mature sequence and that start at the 
same position within the hairpin sequence. 
 
3’ single nucleotide addition 3SNA 
The read is 1nt longer than the reference mature sequence, and the nucleotide does not 
align with the hairpin sequence. The read starts at the same position in the hairpin than 
the reference mature sequence. 
 
3’ multiple nucleotide addition 3MNA 
The read is at least two nucleotides longer than the reference mature sequence, and the 
nucleotides do not align with the hairpin sequence. 
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Figure S1: Different isomiR prevalence across DENV infected and non infected.  
Comparison of the proportion of unique reads for each type of isomiR for infected and 
non-infected mosquitoes (averaged across three time point and three biological 
replicates). Unique sequences with 3’ modification were more abundant than 5’ 
trimmed or extended sequences in all Ae. aegypti small RNA libraries. There were no 
considerable differences among all libraries (DenDf=124, P value= 0.07). 3SNE: 3’ 
single nucleotide extension, 3MNE: 3’ multiple nucleotide extension, 3Trim: 3’ 
trimmed, 5MNE: 5’ extension, 5Trim: 5’ trimmed, Subst: nucleotide substitutions, 
3SNA: 3’ single nucleotide addition, 3MNA: 3’ multiple nucleotide addition. 
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Figure S2: Venn diagram represent overlapped miRNAs with significant altered 
3’ isomiRs due to DENV infection. miR-34 is the only miRNA whose all 3’ end 
modified ismiRs significantly altered by DENV infection (P<0.05). 
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Figure S3: Schematic representation of two examples of arm-switching event. 
This figure displays schematically the area from which the most abundant isomiR read 
originates from within its precursor for both miRNAs (A) aae-mir-1000 and (B) aae-
miR-305 in uninfected and DENV-infected treatments. Shifting of mature miRNA 
occurred in miR-1000 after infection and an arm-switching event happened in miR-
305. The highly expressed miRNA was detected in 5p arm of the control group, which 
switched to 3p arm in infected mosquitoes (B).  
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Figure S4: Changes in the number of unique reads produced by miR-210 in 
infected and control groups. Highlighted in yellow are all those sequences which 
matched the exact miR-210 as annotated in miRBase. (A) IsomiRs expressed more 
highly than the canonical miR-210 in the control group. (B) The DENV-infected group 
exhibited a reduced number of unique reads. 
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Figure S5: The linear relationship between miRNA expression and isomiR 
production. The graph depicts the relationship between the read count of miRNAs 
and the total number of unique reads or isomiRs produced by those miRNAs. For more 
highly expressed miRNAs, a greater number of unique reads were generated. 
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Chapter 5 : General Discussion and Concluding 
Remarks 
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1.  General Discussion  
Global efforts to restrict the prevalence of arboviruses, in particular DENV, 
through biocontrol mechanisms such as Wolbachia appear ever more 
promising in their efficacy (Frentiu et al., 2014; Hoffmann et al., 2011; O'Connor 
et al., 2012). Some studies have implicated the innate immunity stimulation by 
Wolbachia as the reason for its impact on virus replication (Rances et al., 2012). 
Whilst others have indicated the possibility of competition for resources 
(Caragata et al., 2014). There have even been reports of reactive oxygen 
species (ROS) contributing to the virus restricting phenotype (Pan et al., 2012). 
The global picture may indeed be a combination of multiple of these factors but 
the precise contribution of each is not well understood. It is known however, 
that due to effects on mosquitoes’ fitness, establishing lab-infected Wolbachia 
carrying mosquito populations in the wild presents several challenges (Nguyen 
et al., 2015). 
The lack of knowledge regarding the specific mechanisms of their action, clearly 
warrants efforts to garner a deeper understanding of the physiological 
consequences of both DENV and Wolbachia infection in Ae. aegypti. This in 
turn may lead to an enhanced ability to manipulate vector biology to the goal of 
reducing the prevalence of arboviruses. 
This PhD project has focused on attempting to uncover the impact of some of 
those physiological changes with respect to upregulation of the transcription 
factor GATA4. We show that GATA4 has the ability to suppress key 
embryogenesis genes BSG25d and Disc, and that Wolbachia infection also 
suppresses these genes. The impact of Wolbachia on mosquito fecundity may 
be linked to suppression of these genes as our results show that suppression 
of Disc in mosquitoes delays emergence of embryos.  In addition to the findings 
presented in Chapter 2, we outline the role aae-miR-309 plays in upregulating 
GATA4 with a series of findings presented in Chapter 3. Here we show that 
transfection of exogenous aae-miR-309 can induce GATA4 in Aag2 cells. We 
also show that this is likely due to one particular target site in the CDS which 
shows association with aae-miR-309 in target validation assays involving Sf9 
cells and a GFP reporter. It was further evident that infection with DENV 
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suppresses aae-miR-309 and GATA4 in concert in mosquito ovaries but RNAi-
mediated suppression of GATA4 in vitro does not appear to impede its 
replication. In Chapter 4, we take a broader look at the impact of DENV on Ae. 
aegypti miRNAs using small RNA-Seq data and in silico identification of the 
overall isomiR profile of DENV infected and uninfected mosquitoes. We 
discover that the predominant isomiR for specific miRNAs is switched in 
response to DENV infection and that for some of these miRNAs, DENV 
infection impedes their transport to the nucleus in vitro. 
 
2.  Upregulation of GATA4 transcripts suppresses ovary specific 
genes BSG25d and Disc 
The impact of Wolbachia infection on Ae. aegypti transcripts has been explored 
by an array of recent studies (Hussain et al., 2011; Mayoral et al., 2014a; 
Rances et al., 2012). One such transcriptomic Wolbachia associated 
modification is the drastic upregulation of the transcription factor GATA4 
(Hussain et al., 2013).The diverse developmental roles of GATA transcription 
factors have been well described in mammals (Attardo et al., 2003; Durocher 
et al., 1997; Evans 1997; Gillio-Meina et al., 2003; Lentjes et al., 2016). Tissue 
specific in nature, relatively little is known about their potential functions in 
insects (Martin et al., 2001; Park et al., 2006). GATA factors have however been 
shown to be expressed in insect fat bodies and ovaries and in some cases be 
involved in embryogenesis (Attardo et al., 2003; Martin et al., 2001; Park et al., 
2006). 
The conservation of GATA factors in gonad tissue as well as their role in 
embryogenesis make the induction of GATA4 by Wolbachia in mosquitoes 
particularly interesting. Especially given that Wolbachia predominantly colonise 
the gonads through which they are vertically transmitted maternally and 
paternally. It is possible that the induction of GATA4 plays some role in the 
colonisation and vertical transmission of Wolbachia.  
Given the limited scope of previous reports of the tissue localisation of GATA4 
in Ae. aegypti, we aimed to further clarify its relative expression across different 
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tissues. We were able to determine that GATA4 displayed significant 
expression in the ovaries, especially prior to blood feeding (Chapter 2).  This 
finding made it clear that in the physiological state which precedes a blood 
meal, the highest levels of GATA4 transcripts can be found in ovarian tissue. 
This observation was interesting as previous reports which were only semi-
quantitative in nature had suggested that GATA4 was much more highly 
expressed in the fat body (Park et al., 2006). Indeed, our understanding of the 
role of GATA4 in Ae. aegypti as a key component of embryogenesis and the 
stimulant for the processes of vitellogenesis was largely restricted to its 
presence in the fat body. 
We aimed to explore how GATA4 expression in the ovaries may be affecting 
gene regulation. This was of particular interest to us given the propensity for 
Wolbachia to induce it so significantly, and Wolbachia’s tendency to colonise 
the gonads (Genty et al., 2014). Proceeding to determine whether Wolbachia 
also affects GATA4 transcript levels in the ovaries, we dissected infected 
mosquito ovarian tissues and extracted total RNA. We determined that there 
appeared to be an upward trend in GATA4 transcripts in the ovaries of 
Wolbachia-infected mosquitoes compared with uninfected mosquitoes 
(Chapter 2). We then silenced GATA4 in the Aag2 cell line in order to determine 
the effect it would have on in silico predicted targets. We focused our 
prospective targets to those which might be expressed in the ovaries. Of all 
putative GATA4 targets tested, only BSG25d and Disc showed a transcriptional 
change in response to GATA4 depletion, in that they were up-regulated. We 
also over-expressed GATA4 in the same cell line and observed a down-
regulation in the transcripts of Disc and a downward trend in the transcripts of 
BSG25d. Both genes were determined to be expressed in the ovarian tissue 
and their homologues have been implicated in various aspects of 
embryogenesis (Boyer et al., 1987; Kawamura et al., 1999). It was a surprise 
to us that this change was a down-regulation as GATA4 has previously been 
reported to be a transcriptional activator (Park et al., 2006). Despite this, it has 
been demonstrated that GATA factors have been implicated in transcriptional 
suppression of key genes involved in embryogenesis (Martin et al., 2001).  
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Other research has shown that GATA factors have the potential to overlap in 
their regulatory roles (Molkentin 2000). This previous work is entirely consistent 
with our observation of the role of GATA4 in ovaries. It is interesting to note that 
Wolbachia infection also suppresses Disc and BSG25d.  We speculate that the 
upregulation of GATA4 may be responsible for this. Given the negative impact 
Wolbachia colonisation has on mosquito fecundity (McMeniman et al., 2011), 
the knowledge of a possible mode of down-regulation of two genes crucial for 
egg production may prove to be valuable in decreasing the fitness cost of 
Wolbachia infection. It is unfortunate that there has been so little research to 
date which investigates the driving factors behind the reduction in fitness which 
has been associated with Wolbachia infection.  
To investigate whether suppression of these genes may play a role in the 
reduced fecundity associated with Wolbachia infection, we attempted to silence 
them in adult mosquitoes and measure its effects on egg laying. We succeeded 
in significantly suppressing Disc expression in vivo. This suppression had no 
effect on fecundity but surprisingly, it did delay emergence of eggs laid by Disc-
depleted mosquitoes. A phenotype which is also observed in Wolbachia-
infected mosquitoes. It would be interesting to further understand the 
modulated developmental timing that seems to occur as a result of Wolbachia 
infection as this may be linked to some of the difficulties in establishing 
populations of infected mosquitoes in the field. 
Unfortunately, we were unable to successfully silence the BSG25d gene with 
the use of dsRNA. This challenge of inconsistent efficacy of dsRNA for silencing 
genes in insects has been well described (Scott et al., 2013). 
 
3.  MicroRNA aae-miR-309 has the potential to upregulate GATA4 in 
mosquitoes 
Our ever-expanding understanding of small RNA biology is unlocking 
previously unimagined insights into the interactions between hosts and their 
pathogens. In recent years, this field of biology has come to the forefront of 
disease vector interaction studies. Currently, researchers turn to the 
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endosymbiotic bacterium and biological control agent Wolbachia as a medium 
for mosquito control (O'Connor et al., 2012). One of the most interesting 
observations in this regard is that of the miRNA profile of Ae. aegypti that is 
altered by infection with Wolbachia (Hussain et al., 2011). Further 
understanding of the miRNAome may provide leads towards elucidating the 
details with respect to how Wolbachia interacts with mosquitoes to suppress 
flaviviruses. One of the main invertebrate defences against flaviviruses is the 
RNAi response which results in the production of cleaved 21 nucleotide 
fragments of viral genomes whose signature is easily detectable (Wu et al., 
2010). DENV in mosquitoes is no exception here. Whilst potentially not 
essential for antiviral activity (Hedges et al., 2012), Wolbachia’s tendency to 
upregulate key elements of the RNAi pathway generates intrigue as to its mode 
of impacting miRNA production (Terradas et al., 2017).  
Although many miRNAs have been described in Ae. aegypti, very few of their 
targets have been identified. In Chapter 3, we attempt to address one small part 
of these interactions by examining whether the key transcription factor GATA4 
is under the regulatory control of miRNAs. To achieve this, we silenced Ago1 
in Aag2 cells and measured its impact on GATA4. Interestingly, the number of 
GATA4 transcripts produced by the cell line was significantly reduced when 
Ago1 was silenced. In most cases, miRNAs suppress expression of the gene 
they target. The association we observed however, would suggest the opposite 
relationship. There are an ever-increasing number of examples in the literature 
of positive regulation of a target mRNA by its associated miRNA (Ghosh et al., 
2008; Hussain et al., 2011; Orang et al., 2014; Zhao et al., 2017). Although 
these reports are accumulating, a comprehensive demonstration of the 
mechanisms of transcriptional upregulation via miRNA has yet to be published. 
There have however, been models proposed which imply a competitive 
inhibition of miRNAs which would downregulate target transcripts or potentially 
bind to and stabilize target transcripts (Orang et al., 2014). Reports which detail 
the ability of miRNAs to enhance translation through interactions with 
microRNA associated ribonucleoproteins (miRNPs) have also been published 
(Vasudevan et al., 2007). These recent findings serve to further complicate our 
understanding of the role of miRNAs in gene regulation. 
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Utilising the findings uncovered in Chapter 2, we aimed to investigate the 
potential for ovary-specific miRNAs to target GATA4 in vitro. We did so 
following observations that the regulatory pattern of GATA4 was different in the 
fat body to the ovary and we supposed this may require the control of regulatory 
RNAs. We hypothesised that other miRNAs known to be expressed highly in 
Ae. aegypti ovaries may contain putative target sites within the GATA4 mRNA. 
These sites were found in both ovarian miRNAs, aae-miR-309 and aae-miR-
989. We tested the effect of synthetic mimics of these miRNAs on the transcript 
levels of GATA4 in the Aag2 cell line and determined that aae-miR-309, and 
not aae-miR-989, results in increase in the transcript levels of GATA4. This 
observation was consistent with those made previously that aae-miR-309 is 
upregulated under the same physiological condition as GATA4 in the case of 
Wolbachia infection. It is also consistent with studies conducted by (Zhang et 
al., 2016) which demonstrated a reduction in GATA4 upon aae-miR-309 
depletion. Despite these correlations, the direct action of aae-miR-309 had yet 
to be demonstrated. We took the approach of first ruling out the impact of 
another transcription factor, H64, which had been determined to be modulated 
by aae-miR-309 (Zhang et al., 2016). We silenced H64 and recorded no effect 
on transcription of GATA4. This led us to investigate the potential of direct 
regulation of GATA4 by aae-miR-309 utilising a reporter construct. We cloned 
the putative target sites for aae-miR-309 in GATA4 into the pIZ/GFP vector and 
expressed it in the Sf9 cell line. By transfecting these cells with aae-miR-309 
we were able to demonstrate the miRNA’s direct interaction with a region in the 
CDS of GATA4. 
A recent finding produced by collaborators of our lab showed that aae-miR-309 
is actively suppressed by ZIKV (Saldana et al., 2017). We became interested 
to know if DENV may produce a similar effect. We discovered exactly this by 
measuring the aae-miR-309 production in mosquitoes infected with DENV. This 
finding was interesting when taken together with another much earlier report 
that DENV also suppresses GATA4 (Sim and Dimopoulos 2010a), a finding 
which we were able to replicate. Despite this ability of DENV to suppress both 
aae-miR-309 and GATA4, we seemed unable to reliably demonstrate the role 
of aae-miR-309 in DENV replication. This is perhaps not entirely unexpected 
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as the ovaries are not the primary site of DENV replication (Salazar et al., 2007). 
DENV is known to disseminate to the ovaries after 6 days of infection (Salazar 
et al., 2007), and it is perhaps its presence there that causes the suppression 
of aae-miR-309.  
We did however, observe significant increases in DENV replication upon 
depletion of GATA4. The research detailed in Chapter 3 strongly indicates an 
in vitro positive, direct correlation between the versatile transcription factor 
GATA4 and the ovary-specific aae-miR-309. The covariance of this TF and 
miRNA and their regulatory responses to DENV infection, represent a 
promising area for further research into the impacts of Wolbachia on mosquito 
reproductive biology. 
 
4.  Dengue virus infection in adult mosquitoes alters their isomiR 
production profile 
Once thought to be aberrations of the sequencing methods, we now know the 
range of variations to the specific sequence of particular miRNAs to be a 
physiologically relevant phenomenon (Ahmed et al., 2014; Cloonan et al., 
2011b). These variations, termed isomiRs, usually constitute one or more base 
pair variations at the 5’ or the 3’ ends and can be described in terms of seven 
classes which are described in detail in Chapter 4. The most abundant isomiR 
variant can change in response to environmental stimuli and potentially modify 
the target array of particular miRNAs (Llorens et al., 2013b; Tan et al., 2014a). 
Dengue virus has been reported to impact the miRNA profile of infected Ae. 
aegypti (Campbell et al., 2014b; Miesen et al., 2016) and in Chapter 3 we 
explored its effect on aae-miR-309 in particular. There have been far fewer 
attempts to date however, to uncover the details of the impact that infection with 
DENV has on the abundance of particular isomiRs in the host. In Chapter 4, we 
addressed this gap in the literature with the purpose of determining the effect 
of DENV on the isomiROme of Ae. aegypti. 
Analysing data from adult mosquitoes infected with DENV and control 
uninfected mosquitoes demonstrated significant differences in the isomiR 
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profiles produced between the two scenarios for specific miRNAs. Interestingly, 
this was not the case for all miRNAs, indicating that specific miRNAs may be 
responding to the condition of DENV infection. It is also clear that DENV 
infection did not change the prevalence of any particular class of isomiR. 
Overall, it was evident that 3’ isomiR variations were far more common than 
those at the 5’ end. Previous studies in the Drosophila model have shown that 
the exoribonuclease “Nibbler” can remove nucleotides from the 3’ end of small 
RNAs (Han et al., 2011b; Liu et al., 2011b). The activity of a Nibbler homologue 
is the likely cause of the overabundance of 3’ modifications that we observed. 
Further knockout studies which characterise and inactivate this protein would 
determine Nibbler’s involvement more conclusively. The function of miRNAs in 
target binding is largely dependent on the sequence conservation of the 5’ end 
including its seed region (Hibio et al., 2012a; Xia and Zhang 2014). IsomiRs, 
which were the result of multiple additional nucleotides to the 3’ end, were 
significantly more abundant for aae-miR-285-3p, aae-miR-989-3p, and aae-
miR-10-5p, but not for the others. This trend was reversed in the case of aae-
miR-210-3p. In addition to these examples, there were specific isomiRs of the 
3’ single nucleotide extension, 3’ trimming, 5’ trimming class which were 
modified in abundance in response to DENV infection. Perhaps more 
interesting still, were bantam, miR-980, and miR-2945 whose ratios of 5p to 3p 
increased in the event of DENV infection, whilst aae-miR-34, aae-miR-988, 
aae-miR-12, miR-iab-4, and miR-932 all saw the 5p to 3p ratios decrease. We 
termed this phenomenon arm-switching and postulate that it may drastically 
affect the regulation of genes which are controlled by the miRNAs in question. 
Examining this possibility, we ran in silico target prediction pipelines for all the 
canonical miRNAs whose dominant isomiR was changed by DENV infection as 
well as the isomiR which became more abundant. We saw significant changes 
in the potential targets of all miRNAs in question, strongly suggesting that the 
effect of DENV on isomiR production can contribute to broader transcriptomic 
modulation in Ae. aegypti. How these particular miRNAs may be involved in 
DENV infection is as of yet unclear, but their tendency to change their sequence 
in response to infection may suggest a defensive function for the mosquito. 
There have been similar examples of this in the cases of bacterial infection of 
mammals (Siddle et al., 2015a).  
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We were also interested to know whether any of the miRNAs whose isomiR 
variations we examined would be affected in their trafficking out of the nucleus 
by DENV, given its effect on their abundance. To do this, we infected Aag2 cell 
lines with DENV and fractionated their nuclei from their cytoplasm. The relative 
abundance of miRNAs in the nucleus and the cytoplasm were compared to 
uninfected controls. For the miRNA bantam, whose arm switching we had 
previously described, DENV infection caused a shift in its most abundant 
localisation from the cytoplasm to the nucleus. This was also the case for aae-
miR-2940-5p, although the change was less dramatic and aae-miR-2945 had 
a pronounced accumulation in the nucleus. Whether these changes are a result 
of the isomiR changes caused by DENV is perhaps unlikely given the small 
subset of shifted miRNAs for which it occurs. It is however a possibility which 
probably warrants further study. 
 
5.  Concluding Remarks 
The clear lack of treatment options and prophylactic measures guarding against 
the pathology of flaviviruses constitutes a compelling case for the advancement 
of biocontrol mechanisms such as Wolbachia. If we are to employ these agents 
globally, understanding the physiological consequences of Wolbachia infection 
on mosquitoes in detail is imperative. This PhD project has aimed to further 
understand how Wolbachia can impact its host’s biology through the modulation 
of a key transcription factor and particular miRNAs. It has also shed light on 
how DENV impacts mosquito miRNAs and what impact this is likely to have. 
Taken together, these findings enrich our global understanding of the vital 
interactions between Ae. aegypti, DENV, and Wolbachia. 
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